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SUMMARY
Studies of Physical Changes Occurring in Pulverised Coal Particles
on Rapid Heating
Two methods were used to investigate the physical changes occurring in 
pulverised coal particles on rapid heating. The first involved the heat 
treatment of single captive particles, monitoring their behaviour with a, high 
speed cine camera and simultaneously recording their temperatures using a 
specially developed infra-red detector. The second concerned suspensions of 
particles which were treated in a laboratory tube furnace, in a pilot plant 
combustion chamber and in power station boilers. The two methods were 
complementary and permitted observations to be made of structural change in 
particles, together with measurements of their apparent and bulk densities, 
size and surface areas•
Y/hen heated in air at temperatures above about 550°C, most bituminous 
coal particles formed hollow spheres which could be classified into three 
main types, A fourth type was solid and was associated with the fusain 
component of the coal. The hollow spheres possessed large holes in their 
surfaces through which gases could pass easily. Oxidation proceeded both 
internally and externally until the particles fragmented.
Even so-called "high-swelling" coals underwent little swelling in air, 
but in nitrogen, the swelling was more pronounced and the structure of the 
particles was more open with fewer pores.
Using the data gained in these investigations a mathematical model 
was developed to describe the combustion behaviour of single particles. The 
model was programmed for an analogue computer and the computer outputs were 
compared with experimental results obtained using the laboratory tube furnace.
It was concluded that the combustion of pulverised coal is largely 
chemically controlled and that size changes undergone by the particles, 
especially fragmentation, are important in controlling their temperature 
through radiant heat exchange with the surroundings. There appeared to be 
no simple relationship between the surface areas theoretically required for 
combustion and those measured using a novel gas adsorption technique.
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1.0 NOMENCLATURE
Symbol Definition, Units, Value and Reference
—1 —? —2 —1
frequency factor, kg s” m” (Nm” ) , 8.596 x 10” , (1>P*545)
2
Cross sectional area of adsorbed xenon molecule, m , 
24.900 x 10*"20, (2)
B
-1Maximum volatile evolution rate, s , see Table 14*
C B.E.T. constant related to solid-gas pair, see Appendix 12.
CA» ^ CR’
ccv’ ch2’ ch2o ,
CN 9 C0 
2 2
Fraction by mass of ash, residue carbon, total carbon,, 
volatile carbon, hydrogen, moisture, nitrogen, oxygen 
in coal at t = 0, see Table 14*
°r °2
*"] 2 0Radiation constants (Planck's Law), J s m and m K; 
3.740 x 10”8 and 1.440 x 10”2, (3)
cpc Specific heat of particle, J kg" K , see 7*5*2.
%
*1 0 "1Specific heat of combustion gas, J kg" K” , see 7*5*1*
D0
Binary diffusion coefficient for 09 - at reference
2 —A. 
temperature and pressure, m s” , 3*150 x 10 , (1,P*547)
Dc
2 -1Diffusion coefficient for 02 - N2, m s , see 7*2.4*
A] '2
Detector responses corresponding to radiant intensities 
and W-» , V, see ■ Appendix 5 •
1 *2
d Particle diameter at t = 0, m, see Table 14*
dm Most probable particle diameter (Rosin-Rammler distribution), m, see 8.8.1. . ;
d0
Distribution constant (Rosin-Rammler distribution), m, 
see 8.8.1.
ds Diameter of swollen particle, m, see 7*5*5*
d1 Size of sieve aperture (Rosin-Rammler distribution)-, m, 
see 8.8.1•
E
—1 8 Activation energy, J(kg mole), , 1*494 x 10 , (1>P*545)
Symbol Definition, Units, Value and Reference
F.
»2(0), o2(o)
F,
hc
hv
hvl
hg
■ =p
K
k ch
MC’ “k ’ V V .
14xe
m
P
N
Nu
n
Molar fraction of nitrogen, oxygen in combustion air at 
t = 0, 0.79, 0.21, see 7*2.3*
Molar fraction of oxygen in combustion gas, see 7*2.4*
Calorific value of carbon, J kg”\  3*307 x 107, (4,P*87)*
Calorific value of volatiles per unit mass of volatiles,
J kg”1, 3.558 x 107, (Author).
Total heat of volatiles evaporation per unit mass of coal,
J kg-1, 6.279 x"105 (5)
-1 -1Rate of change of gas heat intake, J kg s , see 7*2.2.
- 1 - 1Rate of change of particle heat intake, J kg s , see 7*2*1.
-1—1 —2 —2Overall reaction rate coefficient, kg s” m” (Nm” ) ,
see 7*2.4*
lemical rea 
see 7*2.4*
-1—1 —2 —2Chemi ction rate coefficient, kg s m (Nm ) ,
-1
—1 -2 —2Physical reaction rate coefficient, kg s m (Nm ) ,
see 7*2.4*
Atomic weight of carbon, hydrogen, nitrogen, oxygen and 
xenon, kg, 12.011, 1.008, 14*007, 16.000, 131*300.
Fractional particle mass, see 7*2.1.
23
Avogadro’s number, 6.023 x 1 0 .
Nusselt number, .2, (l,p.134)*
Distribution constant (Rosin-Rammler distribution), see 8.8.1, 
or, Number of particles in sample, see Appendix 10.
-2 5System pressure, N m ,1.013 x 10 , see 7*2*4*
-2 5Reference pressure, N m , 1.013 x 10 , see 7*2.4*
Symbol Definition, Units, Value and Reference
Q,GB
QGC
qgv
^HB
Q-'PC
^PR
R
R
R 1
SW
V  S2 
tcon
T
“2 6 Saturated vapour pressure of xenon, N m" , 3*960 x 10
(3 29799.9n=i Hg), (6). ■
Q Factor. Index of weight loss during rapid devolatilisation, 
see Appendix 8, (1,P.165).
Rate of change of gas heat intake due to residue carbon 
- 1 - 1combustion, J kg s , see 7*2.2. .
Rate of change of gas heat intake due to conduction,
- 1 - 1J kg s , see 7*2.2.
Rate of change of gas heat intake due to burning volatiles, 
- 1 - 1J kg s , see 7*2.2.
Rate of change of particle heat intake due to residue
- 1 - 1carbon combustion, J kg . s , see 7*2.1.
Rate of change of particle heat intake due to conduction,
J kg”1s~1, see 7*2.1.
Rate of change of particle heat intake due to radiation,
- 1 - 1J kg s , see 7*2,1.
*•1 o *1 3Universal gas constant, J(kg mole)" K" , 8.317 x 10
(7.P.153).
Fraction by weight of powder retained on sieve of aperture 
d* pm (Rosin-Rammler distribution), see 8.8.1.
Proximate volatile matter of a char as a percentage of dry 
ash-free coal, see Appendix 8 (1,P.165).
2 - 1Specific surface of sample, m kg , see Appendix 12.
Swelling coefficient, see 7*3*5*
Standard deviations of samples, m, see Appendix 10.
Temperature below which residue carbon is assumed not to bum, 
°K, 923.
Absolute temperature (Planck*s Law), °K, see Appendix 5.
Symbol Definition, Units, Value and Reference
%
TG(0)
T0
T,
T,V
TW
VC0 • VG’ VHP0,
V-*02 2
VG(0)
M
m
X
m
w
W  *v
Gas temperature, K, see 7*2*2.
Gas temperature at t = 0, °K, see Table 13*
Reference temperature, °K, 1500, see 7*2*4*
Particle temperature, °K, see 7*2.1.
Temperature at which volatiles start to evolve, °K, 600, 
(Author).
Tube wall temperature, °K, see Table 13*
Time, s.
Volume of carbon dioxide, combustion gas, water vapour,^ ^  
nitrogen, oxygen associated with unit mass of coal, m kg , 
see 7«2.3»
Volume of air associated with unit mass of coal at t = 0,
3 - 1  nr kg , see Table 14*
Volume occupied by the kg - molecular weight of a gas at' 
N.T.P., m5, 22.414*
3
Volume of xenon monomolecular layer, m , see Appendix 12.
3
Volume of xenon adsorbed at pressure, P, m , see Appendix 12.
Proximate volatile matter of coal, per cent on a dry ash-free 
basis, see Appendix 8 (l,p.l65).
Weight loss by.solid during rapid decomposition, as a 
percentage of the dry ash-free coal, see Appendix 8, 
(1.P.165).
Radiation emitted by a body per unit surface area per unit 
wavelength interval into a hemisphere at wavelengths ,
X —1 »32 at temperature T (Planck's Law) J s m , see 
Appendix 5 •'
Burnout fraction of residue carbon, total particle, total 
volatiles, see 7*2.4*.
Symbol Definition, Units, Value and Reference
l 
X
Mean particle diameter, m, see Appendix 10.
X Individual particle diameter, m, see Appendix 10.
To Density of coal, kg m 1,38 x 10^ , (Author).
^FW Emissivity, particle to wall, see 7•3•4•
ex s x'!*■ 2 Emissivities of radiating body at wavelengths,, Ag,
at temperature T (Planck's Law), see Appendix 5*
xG Thermal conductivity of the combustion gas, J m~ s K~ , 
see 7*2.2.
V  V , Wavelengths of emitted radiation, m, see Appendix 5*-
M g Praction of heat of residue carbon combustion liberated in 
gas stream, 0.704,(4>P*87)*
M p Praction of heat, of residue carbon combustion liberated on or close to particle surface, O.296, (4>P*87)*
P a
Density of combustion gas (= air) at N.T.P., kg m , 1.295(7)
P  XE
-3 !Density of xenon, kg m , 5*850.
cr
9
f
O —"1 q  m m A Q
Stefan-Boltzmann constant, J m” s" K ,  5*670 x 10 , (7) 
Mechanism factor, 2, (1,p.191) •
Surface factor, see 7*2.4*
NOTE: Other symbols used in the Statistical Evaluation of Particle Swelling
are defined separately in Appendix 10.
2.0 INTRODUCTION
In the period 1st April 1967 “ 31st March, 1968, the Central Electricity 
Generating Board burnt 64*4 million tons of coal of which 51*4 million tons 
were pulverised before combustion (8). The cost of the pulverised fuel alone 
was £243 million and, in addition, a very substantial capital investment was 
involved in both boiler and milling plant. It is not surprising, therefore, 
that a considerable amount of work both within the Board and in sponsored 
research organisations elsewhere, is directed towards studying the efficiency 
and reliability of pulverised coal-fired boilers.
Combustion behaviour is controlled by three different but interacting 
factors. These are the aerodynamics, the heat transfer and the reaction 
kinetics of the system. Aerodynamics involves flow patterns and the mixing 
of fuel and air in the combustion chamber; heat transfer deals with the 
heat flux between different parts of the reactant system and between the 
stream and the combustor walls; whilst reaction kinetics covers the 
devolatilisation of the coal, its ignition and subsequent burning in both 
the gas and the gas-solid phases.
The present research is associated mainly with the last of these 
factors and is concerned particularly with the structural and size changes 
undergone by coal particles in the combustion chamber.
Considering the number of samples that have been collected from 
pulverised coal flames both within the laboratory and in operational plant, 
there is a remarkable lack of information.on the nature of the solids.
Chemical analyses have been performed, but it is rare for physical 
measurements to have been made, or for the chars to have been examined 
microscopically. Moreover, in general, it is unwise to assume the kind of 
structure the residues might possess by using data from systems where the
conditions of heat treatment are different. Environmental conditions within
pulverised coal flames are severe. In some ways they are unique. Maximum
A 0
heating rates are of the order of 10 C s~ and the period the particles 
spend within the combustion chamber can be as little as one second's duration. 
Chemical reactions take place in both the atmosphere surrounding the particles 
and on the surfaces of the particles themselves in conditions ranging from 
oxidising to mildly reducing. Particle diameters range from a few microns 
to about 250 •pm. Such conditions are greatly dissimilar from those existing 
in, for example, many carbonising processes for which a vast mass of 
information exists, some of it concerned with.structural change.
Unfortunately most of this data,relating to slow decomposition^proves to 
have little relevance to pulverised fuel combustion (1,p *156). Thermal 
decomposition in coal is sensitive to the conditions of treatment.
Surprisingly enough, even when information on the physical nature 
of pulverised coal chars is available it is often ignored, as for example, 
in several attempts to simulate combustion conditions mathematically (9-16).
In these, particles are considered to be spheres of uniform density whose 
diameters are reduced during combustion by an amount equivalent to the 
consumption of carbon. These assumptions are made despite the fact that it 
was observed over forty years ago (17) that many, bituminous coal particles 
become plastic and form hollow spheres on rapid heating;with the mass of the 
particle concentrated into an outer shell. The implication of this work is 
that the particles will be more likely to disintegrate into several smaller 
pieces as the shells are consumed than progressively waste away as the models 
require; and their predicted burning times will be correspondingly 
affected.
A corollary to the "reducing-sphere" model of combustion is that the 
oxidation of pulverised coal takes place only on the outer surfaces of the
particles. Calculations have been performed (18) to show that during their 
passage through the boiler, insufficient oxygen is able to diffuse through , 
the pores of the particles for combustion to occur internally. It must be 
recognised, though, that these calculations have been based on pore sizes 
existing in the untreated coal (for which there is extensive data in the 
literature (19)) since information was lacking on the range of pore sizes 
likely to occur in heat-treated p.f. chars. Again, - but in this case for a 
different reason, - conclusions concerning the behaviour of pulverised coal 
have been based on unfounded assumptions.
The thermal swelling of coal has been made the basis of several 
systems of coal classification and standard tests exist to define 
quantitatively the increase in volume that occurs on heating. However, these 
tests relate especially to the behaviour of coal on a grate (20,p.l6) and do 
not consider the case of particles in suspension where the conditions of 
treatment are very different. The extent of swelling undergone may have 
important consequences since both the surface area for reaction and the heat 
transfer characteristics of the particles, particularly through the area of 
radiating surface, are involved.
At the outset, it was apparent that several important gaps, such as 
these, existed in the knowledge of the physical nature of solids from 
pulverised coal flames, and it was against this background that a literature 
search was made. The objects were to investigate more thoroughly what 
information was available on the topic, particularly with regard to the 
structural and size changes undergone by the particles, and to define areas 
for research where lack of data could seriously affect the value of 
mathematical predictions. This study and the conclusions which were drawn 
from it are the subjects of Section 3.0. Section 4*0 gives an outline of the 
programme of research based on these conclusions and discusses the reasons 
for -the experimental approach adopted.
3.0 LITERATURE SURVEY
.1 STRUCTURAL CHARGE
In the 1920's, SIMATT and his co-workers produced a number of papers 
(17>21-23) concerned with structural changes occurring during the thermal 
decomposition of coal particles. These studies were designed primarily to 
investigate behaviour on carbonisation and dealt mainly with caking coals, 
coarsely ground (above 300 "pi11 diameter) and heated in a variety of gases 
including nitrogen, carbon dioxide, hydrogen, coal gas and steam, at 
temperatures up to 950°C. While not directly relevant to pulverised coal 
particle combustion, these studies are noteworthy for they first showed 
that hollow spheres could be formed at temperatures above about 600°C and 
that the various lithotypes were important in controlling the types of 
spheres produced. The term "cenosphere" was first suggested by H.B. Dixon 
(21) and was used by Sinnatt to describe the particles formed in nitrogen 
atmospheres from the vitrain and clarain components of coking seams.
These were "reticulated, being built up of two main structures, namely 
ribs or frames of brownish-black substance ,and ’windows'". Small solid 
bodies called "tertiary structures" were often found scattered over the 
surface of the windows, but their function was not discovered. Durain 
particles from coking seams, did not produce cenospheres and neither did 
vitrain, clarain or durain particles of the few non-coking coals studied. 
Treatment in coal gas and hydrogen gave results which were virtually identical, 
to those in nitrogen. In steam, twenty five per cent of the particles (of a 
coking coal) were normal cenospheres, whilst the remainder consisted of small 
spherical bodies opaque to transmitted light and apparently solid.
Sinnatt also recognised the importance of the structural changes 
which accompany the combustion of coal in air, although he was unable to
complete his investigations into this aspect of particle behaviour. As in 
other gases, he found that cenospheres were formed only by the vitrain 
and clarain components of coking coals but with the difference that when 
the temperature was high enough for the particles to ignite (approximately 
650°C) the'windows often completely disappeared and the lattices became 
thin and distorted.
One severe limitation to Sinnatt1 s work is that he examined his 
particles solely by transmitted light, so that only when their outer walls
i
were very thin, or in places non-existant, was it possible to gain 
information on their interior structures.
ORUING [[1947J (24) studied the burning times and mechanism of 
combustion of three coals using both the single particle technique (particle 
diameter: 290 - 410 pm) and a vertical tube furnace, in which suspensions of
particles were heated in air (diameter: 178 - 249 p 11)* "Cenospheres"
(Orning's description) were formed in both cases provided that the ambient 
temperature was greater than about 750°C. Volatile ignition seldom occurred 
when single particles were heated, but when it did, the particles usually 
flew off their pedestal mount. When several particles were heated, the 
influence of neighbouring particles could often promote ignition.
It appeared that the basic "cenosphere" melted and then formed a 
hardened shell before the fluid material was all eliminated. Internal 
pressure then caused this fluid to escape through weak points in the shell 
forming hollow nodules. Oming stressed the importance of the radiating 
surface of the particle in controlling its temperature, and pointed out that 
the particle in the form of a "cenosphere" could not bum down to zero radius 
since its mass was concentrated in the shell.
ALPERN, COURBOU, PLATEAU and TISSA10IER £ 1960J (25) confirmed 
that hollow spheres are formed in large flames, and using both electron
(transmission) and optical (transmission and reflecting) microscopes they 
distinguished four main types of large particles in flames (i) raw coal
(ii) plasticised coal (iii) semi-coke cenospheres (iv) coke cenospheres.
In addition,carbon black agglomerates and "microcenospheres" were identified 
each a few thousand angstroms in diameter. They commented: "more samples
will need to be examined  It should be possible to observe the
changes in the particles during ignition and the early stages of combustion,
At the same time one would like more information on .•••• the nature of the 
unbumt solids at the end of the flame, and the nature of the particles 
recirculated with the gas".
LIGHTMAN and THE AUTHOR [1967-1968] (26) studied pulverised coal 
particles which had been heated in shock tubes, in laboratory tube furnaces 
and in a large pilot plant superheater. Both optical and scanning electron 
microscopes were used in the particle examinations. (Some aspects of this 
work form part of the present dissertation and are treated in Sections
6.2.2 and 6.3). Important conclusions were that the great majority of 
particles formed hollow spheres with large holes in their surfaces allowing 
easy access of oxygen to the interiors of the particles. These burnt both 
internally and externally at approximately constant diameter untilj at an 
advanced stage of burnout, they fragmented. Since this work was published, 
several other authors have communicated results of their studies on related 
aspects of structural change.
Working within the B.C.U.R.A. laboratories, LITTLEJOHN [j967j (27) 
noted that in nitrogen, five main types of particles could be distinguished. 
These were (a) angular and apparently unchanged (b) spherical but not swollen
(c) swollen into opaque (thick walled, or porous solid) spheres (d) thin walled, 
transparent cenospheres (e) particles showing two types of behaviour (a) and
(d). GRAY, KEMBER and GRANGER [1967J (28) confirmed that internal 
combustion could take place and observed that the porosity of p.f. particles
during hollow sphere formation increased from 10 per cent to about 60 per 
cent. It was "likely that all coals would form themselves into hollow 
spherical particles with the probable exception of low-volatile fuels 
such as anthracite and also the components within coal that fall into the 
maceral group inertinite" (l,p,212).
RAMSDEN jj968j (29) and RAMSDEN and SMITH [l968] (30) used a novel 
method of sampling particles from a flame. The particles were collected 
directly onto a stainless steel grid which was later examined under a 
(transmission) electron microscope. They also showed that pulverised coal 
particles formed hollow spheres and that internal burning took place, .They 
suggested that large fly ash particles may be formed by the coalescence of 
smaller droplets of liquid melt,
SHIBAOKA £1969 ]^ (51) used the single particle, approach (see also
Section 3*5)» He considered petrographic composition (three microlithotypess
vitrite, durite and fusite); rank (four Australian coals: two sub-bituminous
and two medium/high volatile bituminous coals); heating rate (high: 1,8 x 10^°Cs~^ 
o 1 1and low: 5 C s~ ) and particle size (between 0.7 mm and 0,05 mm). The 
\
combustion rate of the finer particles was retarded by mixing one part of air 
with nine parts of nitrogen. On heating, fusite particles were found to be 
non-plastic and produce ashes having a massive or fibrous appearance. Vitrite 
particles always swelled before contracting and solidified to form a 
cellular structure. They also left very fine ash particles. Heating rate 
and particle size appeared to be important factors in determining structural 
change and swelling. Particles' swelled more when rapidly heated and the 
finer the particle size, the greater "seemed" to be the relative degree of 
expansion. The two bituminous coals were found to swell more than the 
sub-bituminous coals, and of the .former, the medium rank swelled more than 
the low rank coal.
Recently, FELLS and RICHARDSON [1969] (32) reported their 
observations on the nature of p.f. — sized particles which had been treated 
in a gas-fired vertical tube furnace. About 70 photographs were taken of the 
outer surfaces of the particles which were viewed under a scanning electron 
microscope. Particles of coke showed no signs of plasticity, but in .
bituminous coals and to a lesser extent anthracites, softening had occurred 
and volatile matter bubbling through the plastic surface layers had formed 
blow-holes. Two types of ash were observed; Spherical", suggesting a 
low-ash-fusion temperature, and "fluffy"• Fells and Richardson apparently 
observed no hollow char particles and noting that other workers (including 
the author) had sampled hollow spheres from flames commented; "The possibility 
of forming cenospheres in oxygen-starved atmospheres has been known for some 
time and it is possible that the samples of coals from flames were taken 
from zones of poor mixing". This, latter point is contested and discussed 
more fully in Section 8.1.
,2 SWELLING
BERKOWITZ £1950 ]^ (33) has observed, that the thermal swelling of coal 
is brought about by the disparity between the rates of formation and of 
the disengagement of gaseous pyrolytic matter. In other words, swelling is 
caused by the generation of more volatile, matter than can diffuse to the 
exterior in a given time interval. It is well known that the resistance to 
diffusion is mainly caused by the structure of the coal, which is a rank 
dependent quality, and swelling is used as a secondary parameter in several 
systems of classification (34»P»22).
In quantitative terms, the degree of swelling a given coal can 
undergo is dependent on the test procedure, (35)» in existing methods, 
this having been designed particularly. to assess the behaviour of coal on 
carbonisation or in combustion on a grate. A crucible is generally
used and the extent of swelling is determined from the volume of the button 
of coke produced on heating at a rate of between a few degrees and a few 
hundred degrees Centigrade per second. (20,p.15)* However, the methods 
are not ideal, even for the purpose for which they are intended. When coal 
is heated in bulk, and unless pressure is applied, cavities may be formed 
in the coke mass which are fortuitous and can give an erroneous value for 
the extent of swelling of the coal itself. Conversely, if pressure is 
applied, the restraint to expansion may be unrealistic. These criticisms 
are more pointed when the crucible technique is used to evaluate the 
swelling properties of individual particles which are heated in suspension.
In these, the conditions of treatment are quite dissimilar: expansion is
unimpeded and the rates of heating may be . up to three orders of magnitude 
greater than in the- crucible.
CAELILE and SINNATT jj1930j (36) made the first attempts to obtain 
realistic values for the free expansion of particles which are rapidly 
heated. They dropped single particles of powdered coal through a vertical,
2 in. (54*5 mm) i.d. silica tube, 70 in. (1578 mm) long which was heated 
electrically and maintained at 600°C. The particles were collected and their 
diameters were measured using a microscope and compared with those of the 
untreated coal. It was found that non-caking coals were converted into char 
particles which occupied the same volume a,s the original coal, or a slightly 
larger volume, while particles from caking coals swelled considerably and were 
converted into cenospheres (see Section 3*1)* Particles of vitrain and 
clarain tended to swell more than durain so that in any one sample, even of 
a "non-swelling" coal, a range of particle sizes was found. At least 200 
particles had to be measured to obtain an approximate value for swelling and 
for practical purposes this was considered too lengthy and tedious. 
Subsequently, the volume occupied by one gram of treated particles was
determined, using a measuring cylinder 10 mm in diameter, and termed the 
"cenosphere number".
This system of swelling measurement, although overcoming the tedium 
of microscopical counting, cannot be used, however, to assess the swelling 
of individual particles since an undetermined voidage fraction is involved. 
Other criticisms of Carlile and Sinnatt!s technique so far as pulverised 
coal combustion is concerned - although it must be admitted, not for the 
purpose for which it was intended, which was an investigation of the 
carbonisation behaviour of coal - are (i) that the composition of the 
atmosphere was nitrogen, (ii) that the top temperature was 600°C, and
(iii) that the size of the particles used (”> 3 0 0 p O  was coarser than p.f* 
The latter together imply a lower-than-desirable heating rate. Moreover, 
the original work was done before systems of coal classification were 
perfected and it is not always easy to determine the precise types of coal 
involved.
ESSENHIGH and YORKE jjl 965J (37) studied the swelling characteristics 
in air of 30 - 40 single particles of coal which were within the size range 
500 pi to 2000 pi. The particles were attached to fine silica threads using 
high temperature cement and then suspended cantilever fashion between two 
heating coils made of resistance wire, wound in flat spirals. They observed 
that the swelling factor (defined as the ratio of the diameter at the start 
of residue combustion, to that of the initial cold diameter of the coal 
particle) was remarkably constant with rank. With coals of volatile matter 
contents between 10 and 40 per cent, the value for swelling ratio was about 
1.5. A greater scatter in the swelling factor was found between particles 
of the same coal than there was between the average values for different 
coals and the authors suggested that "useful attention could well be directed 
towards pure maceral behaviour as. this might conceivably be responsible for
the variation found"• Particles swelled and then contracted immediately 
before the start of residue combustion, and the swelling was generally 
isotropic. "Cenospheres" were not formed.
The absence of hollow spheres is quite uncharacteristic of p.f. 
combustion and can presumably be directly attributed to the large particle 
sizes involved and the correspondingly low rates of heating. For these 
reasons, Essenhigh and Yorke’s results cannot be considered to be reliably 
informative of the true behaviour of particles in pulverised coal-fired 
systems.
More recently, LITTLEJOHN [l96?] (2?) has quoted some preliminary 
results obtained by dropping particles, sized 15 - 40 pm, through an 
electrically heated vertical tube furnace. As in Carlile and Sinnatt*s 
technique, the atmosphere was nitrogen. He drew four main conclusions on 
swelling behaviour from this phase of his experiments:
(a) chars from any one coal showed a range of swelling
(b) the extent of swelling varied with temperature between 900° 
and 2000°C
(c) particles swelled after reaching the test temperature. (TJsing 
coal, 33.S. Swelling Index 6, he found that the particles 
reached 900°C in 40 ms when their median diameter was '41 pm.
On maintaining them at temperature for a further 50 - 70 ms 
their median diameter increased to 68 pm).
(a) B.S. Swelling Number alone does not indicate how a coal will 
behave on rapid heating. (He found that the initial diameter 
of particles of rank 601 coal (B.S. Swelling Number 6) 
increased by 68 per cent. Under identical conditions of 
heating, particles of rank 203. (also Swelling No. 6) increased 
by 105 per cent).
This work, while more realistic of the behaviour of p.f. suspensions 
than either of the two previous investigations, is open to the objection 
that only nitrogen atmospheres were considered.
.3 APPARENT AND BULK DENSITIES
The swelling and structural changes that take place during 
combustion, together imply that changes also take place in both the apparent 
densities of the particles and in the bulk densities of their suspensions. 
Measurement of these quantities, therefore, should.provide confirmation 
of the picture of change in the physical nature of particles that the 
microscopical observations reveal.
Bulk density is dependent on particle size and shape, moisture content, 
method of packing and to a smaller extent on the volume of the container used 
(7,p.406). No data could be found in the literature on values for the bulk 
densities of samples of coal chars with the exception of that of CARLILE 
and SINNATT's [j930] (36) relating to "cenosphere numbers". The limitations 
of Carlile and Sinnattfs "drop-tube" technique for simulating the changes 
occurring during p.f. combustion, have already been discussed. However, 
their method of measuring, what are in effect bulk densities, can hardly 
be criticised.
FRANKLIN £1948^ (38-40) was responsible for the first extensive 
studies of the apparent densities of untreated coals and carbonised coals. 
Using a modified density bottle method, she measured the volume of fluid in 
a container with and without the previously degassed sample present, ^he 
volume of the fluid displaced and hence the apparent density of the sample 
was found to depend primarily on the molecular size of the dilatometric 
fluid used. Helium which has the smallest diameter (2.3 A) penetrated the 
pores furthest and was thought to give densities which were ai close
approximation to the true densities of the solids investigated. Other,
o
larger molecules with diameters up to 6 A and including methanol, water, 
acetone, ether, n-hexane, benzene and carbon tetrachloride, entered the 
particles to a lesser extent. By employing a range of different fluids, 
Franklin was able to determine'the (micro)pore size distribution of her 
samples.
A density drift or increase in apparent density with time was often 
noticed, the magnitude of the drift depending on the fluid used, the char 
type and its size. Franklin*s measurements were made, therefore, at a 
standard time after penetration commenced, normally twenty four hours, when 
experience showed that the increase was likely to have effectively ceased. 
In all cases, too, a correction was made for the mineral matter content of 
the samples using the formula due to Wandless and Macrae (41)*
This pioneering work has since been extended by other workers, who 
have employed a wide range of gases and liquids of different molecular
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sizes and properties to investigate the molecular sieve characteristics 
of coals and carbonised chars. In particular, they have been concerned 
with the extent to which these properties can be modified by controlled 
oxidation in carbon dioxide and steam to produce active carbons. Research 
groups have included BOND and SPENCER, CAMERON and STACEY, DUBININ, EMMETT, 
KIPLING and their co-workers (.19)
The mechanism of density drift is now interpreted in terms of the 
retarded rate of diffusion of molecules within the surface force fields in 
the capillaries, and is considered to be indicative of ultra-fine pore 1 
diameters, or, as Franklin originally postulated, ultra-fine pore entrances.
Recent work has also suggested that the practice of correcting for 
mineral matter has uncertain foundations when applied to density values
that represent other than complete penetration, and CAMERON and STACEY 
jj958j (42) consider that such a correction would give seriously distorted 
values for pore volume*
Penetration fluids have ranged from helium to mercury, (43 >44) the 
latter being forced into the sample under pressure, and have included a 
number of heavy ’’intermediates" of which silicones are the most recent 
development.
A considerable volume of literature (45) exists on investigations of 
the internal structures of nuclear grade graphites and the effects of 
oxidation on these structures. The same techniques of investigation, as 
previously described, have been used, but in addition, both molten silver 
(46) and molten bismuth (47) have been employed under pressure to penetrate 
the larger pores (0.1 to 1 pm diameter). Examination of the structures after 
the metals have solidified have then been attempted using optical microscopy 
and radiographic techniques (48).
No published data, however,' is available specifically on the apparent 
densities of pulverised coal chars, and SPENCER has reported privately (49) 
that attempts to apply the technique of mercury porosimetry to both samples 
of pulverised coal and pulverised coal char have been unsuccessful.
.4 SURFACE AREA
The oxidation of char residues is a solid-gas reaction and as a 
consequence, in considering the physical changes undergone by pulverised 
coal particles during combustion, information relating to their surface 
areas is likely to be of particular interest.
Techniques of determining the surface areas of carbonaceous solids 
include low angle scattering of X-rays, (50) and microscopical measurements 
(51,p . 217) but more especially,' methods based on the sorptive properties
of coals and chars are used. Determinations of surface area using X-ray- 
scattering do not distinguish between the areas of open and closed pores 
and since the areas required in the present instance are those which are 
available to chemical reactants, this is a serious limitation of the technique. 
Microscopical evaluations, too, are restricted to finely divided non-porous 
solids. Sorptive methods, while not suffering from these failings, are not 
unambiguous in their interpretation and the literature on this topic within 
the last 30 years has been both extensive and controversial. Techniques 
include heats of immersion - in which the heat liberated when the sample is 
immersed in an organic liquid (usually methanol) is related to the extent of 
surface reached by the liquid - and gas and liquid adsorption. The latter are 
complementary to the methods for studying true and apparent densities 
referred to previously. B.E.T. theory is extensively employed.
Major areas of uncertainty have been the extent to which molecules 
of a particular sorbate could penetrate the pore structure, and the role 
of specific interactions between the sorbate molecules and the sample
(5 2 ,p .724).
At one time, it was thought that the specific surface of a coal 
could be evaluated from a comparison of its heat of immersion in methanol 
with that of a carbonaceous solid of known Specific surface (19> 53)•
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heat of immersion of the standard substance was taken to be about 0.4 J m 
(54,55)« However, it has recently been shown that the values so obtained vary 
with rank and are not independent of the nature of the coal surface (56) • 
Molecular sieve behaviour may play a part, but it is more likely that polar .. 
interaction or hydrogen bonding between the adsorbate and the oxygenated 
groups in the coal is responsible for this phenomenon (57)* As a 
consequence, it is now felt that the heat of immersion technique, while 
still being a valuable tool for revealing pore structure in a given carbon,
should not be used to estimate the specific surface of coals, or even of
wide-pore carbonaceous materials, since adequate reference materials are
not available (19)*
A method widely used for surface area determinations consists in
measuring the adsorption of nitrogen (58) or argon (59) at low temperatures
(frequently the temperature of liquid nitrogen - 196°C) and calculating by
means of the B.E.T. equation ,the surface covered by a monolayer of the
adsorbate. However, when this technique is applied to coals, it is found
that the areas measured are often two orders of magnitude lower than the
same areas using methanol heats of immersion (59) • It was originally
suggested that the methanol values were too high (58,60) (usually about 
2 —1100 m g •) and that the high values could be accounted for by assuming that 
the strongly polar methanol molecules were able to penetrate into-the 
colloidal material of the coal and give rise to swelling effects. While this 
may be partly true, MA.GGS [^ 1952^ (61) has shown that the adsorption of 
nitrogen on coal exhibits an anomalous temperature dependence and that 
maximum adsorption occurs at about -98°C not -196°C as might be expected (62). 
Below -98°C, the rate of sorption is very low and obviously equilibrium 
cannot be established within a reasonable time. In his papers, MAGGS 
suggested that either the effect of closing the pores, due to the thermal 
contraction of the coal, or an activated diffusion of the nitrogen molecules 
into the fine pore system of the. coal similar to the uptake of gases by 
zeolites (63), might account for the results. This view is now gaining 
general acceptance and it is becoming apparent that the temperature of 
adsorption is of paramount importance in evaluating specific surface. A 
solution to the problem of surface area measurement appears to be to use 
gas or vapour adsorption at as high a temperature as possible to accelerate
diffusion into the pores of the solid and avoid the contraction which may 
occur*
I Several adsorbates have been tried in an attempt to overcome the 
difficulties of working at low temperatures,but most have severe limitations.
At least for coals, B.E.T. methods using methanol (at 25°C), (64); acetone 
(at 30°C), (42); water vapour (at 15°C), (65,66); and methylamine (at 15°C 
and -33.1°C), (65,66), have been rejected because of polar interactions whilst 
the hydrocarbons, methane (at -90°C), (67); n-butane (at 0°C), (68); i-butane 
(69); n-hexane (42,70) and benzene (70) are liable to give spurious results 
owing to the solution of the adsorbatp in the solid.
The use of carbon dioxide (0°C, -78°C), (71-73) has also been 
criticised since adsorption may be influenced, by the quadrupole moment of ihe 
molecule (6),
Ideally, the adsorbate should possess:
(i) zero molecular dipole moment to eliminate polar interactions.
(ii) a small molecular diameter in order to ensure penetration into 
micropores*
(iii) a boiling point such that experiments can be carried out in the 
required (B.E.T.) relative pressure range at temperatures of at least 0°C and 
preferably above.
The rare gases most nearly meet these requirements and recently
several authors have used these gases in surface area measurements. BOND
and SPENCER Jl958j (55>P*231) used neon at room temperature but their
method was rather empirical, involving calibration by measurement on a
non-porous reference solid of known surface area. AHUJA et al £l 961J (67)
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used krypton (molecular cross sectional area 21.0 A ) at -90 C whilst KINI
[1964J (6) used krypton at -78°C and xenon (molecular cross sectional area 
°2 0
24.9 A ) at 0 C. The adsorption of neither gas was found to produce permanent 
swelling of the coal structure (74)•
Whilst krypton has the smaller molecule, the lower temperature of 
operating, involving a much longer equilibration time and the possible effect 
of pore contraction, more than counterbalances its advantage over xenon,
For this reason, and if reliance is to be placed on a single technique of 
measurement, xenon determinations are now generally preferred,
KINI (6) has used the technique of xenon sorption in determinations 
of the surface areas of several Coals,, including pure vitrains, and carbonised 
chars, and SPENCER £1967] (19) has recently used it to investigate the 
structures of nuclear graphites. The relationship between the rate of 
gasification of a carbonised solid (graphite (75)» anthracite and bituminous 
coal chars (76-79)) the concomitant development of its surface area has 
also been studied by other authors using a range of sorptive techniques.
These measurements have often been complementary to those of the pore volume 
determinations described previously. No work, however, has been reported so 
far on determining the specific surfaces of pulverised coal chars,
• 5 HEAT TREATMENT AND TEMPERATURE MEASUREMENT
It is often desirable to correlate the physical changes which particles 
undergo during their heat treatment with the temperatures the particles 
attain. Several systems of temperature measurement have been reported in 
the literature and have considered both particles in suspension and those 
which have been located and heated at some fixed position in space (captive 
particles).
For investigating the temperatures of particles in suspension, workers 
have invariably employed a vertical tube furnace through which the coal or 
char,was transported by a stream of gas. For example, ORNING [l947| (24) 
used a photographic technique and viewed the particles through a slot in the 
furnace wall. He estimated their temperatures in terms of the relative lens 
aperture of his camera and the exposure time in seconds. A study of a
number of film records for a 60,to 80 mesh (249 pm to 178 pm) Pittsburgh 
Seam coal at 950°G furnace temperature, led to a composite curve relating 
temperature to treatment time. In air,'two peaks were observed in this trace, 
one corresponding to the volatile flame, the other to the commencement of 
residue combustion. "Some attempts at calibration" (unspecified) led to an 
estimate of 1800°C for the first and 1500°C for the second peak. Combustion 
was about 90 per cent completed when the particles left the hot zone of the 
furnace.
NETTLETON £ 1965^ (80) also used a photographic method and measured
both the colour and the brightness temperatures of individual particles of
devolatilised coal char. The particle diameters were greater than 400 pm.
A mirror assembly located at the furnace outlet, facing up into the tube,
enabled the particles to be examined during the greater part of their residence
time (about 0.2 seconds). The particle images were recorded on colour or
black and white cine film and compared with the colours or intensities of
a set of tungsten ribbon lamps adjusted to various brightness temperatures.
+ oThe estimated accuracy in the colour temperature determinations was - 100 K 
and in the brightness temperatures, - 10°K. The (grey body) emissivity of the 
particles was taken to be 0.5» and the minimum temperatures measured (while not 
specifically mentioned) can be assumed to be about 1200°K (927°C).
YELLOW £ 1965] (81) used a two-colour pyrometer for measuring the 
temperatures of particles travelling along the length of the reaction zone 
of the furnace, a distance of approximately 150 mm. In his instrument, the 
thermal radiation from a particle was divided into two beams which fell on two 
photomultipliers of different spectral sensivities. One operated over 
the wavelength range 0.3 to 0.9 pm; the other between 0.3 and 1.1 pm.
Neither waveband was said to contain a strong emission line. The ratio 
of the two photomultiplier outputs was a function of the colour temperature of
the particle and Yellow claimed an accuracy of better than 98 cent over 
the range 900°C to 2400°C when the particle diameter was above 10 pm.
For the present application, a shortcoming of all these methods is 
that the individual particles are visible and their temperatures can be 
measured for only part of their combustion life histories. This is partially 
a criticism of the technique of examining particles in suspension but it is 
also a criticism of the methods of temperature measurement employed. In all 
cases, temperatures below 900°C could not be measured although Yellow stated, 
that with modification, his apparatus should be capable of indicating 
temperatures down to 750°C. h i
KALLENL and NETTLETON |~1966j(82) investigated the temperature changes 
which occurred during the devolatilisation of single particles of Gedling 
coal, up to 6000 pm diameter.. Each particle was suspended by a quartz or 
Ityrex filament 10 mm above a flat electrical heating coil. A 0.002 in.
(51 pm) o.d. Pt/Pt 13$ Rh thermocouple was used to measure the temperature 
of the specimen and was located at a selected point within the particle in a 
mechanically drilled hole 0.008 in. (203 pm) i.d. Luring the heat treatment, 
the thermocouple output was fed to one beam of a dual beam oscilloscope and 
recorded photographically.
This technique, while simple, reliable and capable of covering the 
whole range of particle temperatures encountered, suffers from the obvious 
disadvantages that the particle sizes required are much larger than those 
found in practice, and their rates of heating are correspondingly low.
In examining the combustion of captive particles, L0IS0N and CHAUVIN 
[1964]  (83) and more recently SHIBA0KA [1969]  (31), used the temperature 
of the support filament as an indicator of particle temperature • In the 
Loison-Chauvin system, the particles were spread on an electrically heated- 
stainless steel gauze and the temperature of the gauze was indicated by a
Pt/Rh thermocouple wire inserted into it. The heating rate of the gauze
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was about 1500 C s” and the maximum temperature was about 1050 C. Shibaoka 
used a 20fo Rh - Pt/5% Rh - Pt thermocouple which performed the triple function 
of supporting, heating and measuring the temperature of his specimens. Single 
particles between 700 pm and 5Q pm diameter were secured in a loop at the _ 
junction of the thermocouple wires and a heating current was supplied at low 
voltage, and at mains frequency, through half-wave silicon rectifiers. Luring 
the alternate half cycles when the heating current was switched off, the 
thermocouple was connected to a temperature measuring circuit by means of a 
phased synchronous chopper. The melting of finely ground sodium chloride and 
potassium sulphate was used to determine the rate of temperature rise of the 
thermocouple and the time lapse after closing the circuit was measured by 
filming the images of particles of these chemicals using a high speed cine 
camera. Maximum -uncertainty in the measurements was about 0.05 seconds. The
O *""1maximum heating rate of the wire was about 1800 C s’" and very fine particles 
were found to burnout before the thermocouple temperature increased 
sufficiently. Air diluted with nitrogen,. therefore, was introduced to slow 
down the rate of combustion of these fine particles.
Shibaoka*s technique is especially attractive since it is possible to 
heat particles of realistic size at high rates and examine them during the 
whole course of their treatment. However, both this technique and the 
Loison-Chauvin method are open to the objection that the temperatures measured 
are those of the support filaments, and are not necessarily those of the 
particles themselves. Moreover, in Shibaoka's system there is a time lag of 
about 0.05 seconds which may be critical at certain stages of the cycle, for 
^example during devolatilisation. His practice of diluting air with nitrogen 
is undesirable too, as it introduces another variable into the system.
A study of the burnout mechanism of single coal particles has also
been made by IVANOVA and BABII |^1966j (84)* The particles were attached 
to quartz needles and inserted into an electrically heated furnace by a 
pneumatic device. The temperature of the furnace could be raised to 1700°K 
(1417°C) and the time taken by the particles to reach the predetermined 
position was 0.01 to 0.03 seconds. Particle temperatures during combustion 
were measured with an optical pyrometer operating in the wavelength ranges 
0.4 to 0.6 -pm, and 0.85 pm. The measurement range of the optical pyrometer 
was between 900°C and 2500°C and the accuracy of measurement from 1000° to 
2000°C was about 98 cent.
The rate of heating in this system is realistic of practical systems 
and the non-contact mode of temperature measurement is ideal. However, the , 
Russian pyrometer had the serious limitation in that it could not measure 
temperatures below about 900°C.
.6 MATHEMATICAL MODEL
One method of assessing the effects of the various physical changes 
undergone by coal particles is to express the appropriate properties as input 
data in some form of mathematical simulation of the combustion process. The 
outputs from such a model, predicting, for example, particle burnout or 
temperature are then obtained for a range of probable input values. Ideally, 
the predicted values should be compared with a set of experimental 
observations.
, Due to the complexity of the system, some simplification is almost 
inevitable. This generally involves the model itself, but more rarely, since 
most models are designed to describe processes occurring in practical systems, 
the experimental conditions themselves may be made more amenable to 
mathematical treatment.
, At the simplest level, either, the whole or part of the combustion 
chamber may be considered to be a "stirred-tank" of uniform properties, 
conditions within the chamber being assumed to be essentially isothermal.
BEER and LEE |jl965~] (®5)» ^ox example, used this concept to represent 
the section of the combustor immediately following a swirling burner*
However, the plug-flow or one-dimensional model is the one normally 
adopted and is generally a better representation of the real case (l,p.18).
The basic assumptions of the plug-flow representation are that the 
air and fuel are premixed and that temperature, composition and velocity 
are uniform over any cross section of the reaction space. In some 
sophisticated versions, however, attempts have been made, while still 
maintaining the essentially one-dimensional character of the system, to 
introduce the concepts of recirculation and secondary air flow. An 
important implication of these simulations is that combustion at any point 
along the chamber can only be influenced by events occurring upstream*
': In plug flow, it is assumed that either the contents of the chamber
are isothermal, i.e. that there is perfect heat transfer, or that there is 
no heat transfer at all between the different parts of the chamber 
(intemally-adiabatic). The models of. NUSSELT Ql9?4] (9)j ESSENHIGH 
[l96l] (10); HOTTEL and STEWART [l94o] (11); POMERANTSEV, SHAGALOVA and . 
AREF'EV |l958] (12) are isothermal whilst those of CSABA and LEGGETT [ 1964] 
(13)5 VULIS [1961] (14); BEER [i960] (86); HEDLEY and JACKSON [j966~) (8.7);. 
HORN, CSABA and THE AUTHOR [l966] (88) are internally adiabatic. In the 
case, of the KANTOROVICH and FINYAGIN [l958] (15), and FIELD and GILL [1967]
(16) models these have been formulated either as the isothermal or as the 
adiabatic version.
In isothermal models, the temperature throughout the chamber must be 
assumed, and as a consequence, this type of model suffers from the disadvantage 
that it cannot be used to predict temperature variation along the length 
of the chamber. However, in many systems, the adiabatic model is not 
without its disadvantages, too. Since no heat transfer takes place from the
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flame, the incoming' charge of fuel may not ignite unless the input 
conditions are chosen to ensure an appreciable rate of reaction, or unless 
the fuel receives heat from the walls of the enclosure.
Beer deals with anthracite but in most of the models published, 
describing the combustion of bituminous coal, the char alone is considered.
Even in models where account is taken of the volatile component there is no 
treatment of its rate of evolution except in the model of Horn, Csaba 
and the author. In this model, volatiles are assumed to evolve at constant 
temperature, 400°C, and once evolved undergo instantaneous mixing and 
combustion.
The expressions used by various authors for the rate at which the 
char is consumed, vary considerably. Some authors use semi-empirical 
expressions for the rate of combustion in suspensions, based on oxygen 
concentration, temperature and particle size (Beer; Hedley 'and Jackson); 
while others consider the reaction rates of the individual particles 
comprising the suspensions. In the latter, the simpler treatments assume 
that the sole rate controlling mechanism is the rate at which oxygen is 
transported to the surface of the particles (Nusselt, Csaba and Leggett),
More realistic treatments consider, in addition, the rate of combination of the 
oxygen with the carbon surface as a limiting factor. (Kantox&rich and Finyagin; 
Essenhigh; Pomerantsev, Shagalova and Aref !ev; Field and Gill; Horn,
Csaba and the author). All models suppose that particles behave as spheres 
of constant density which gradually contract to zero radius as combustion 
proceeds and carbon is consumed.
The only attempt to account for the temperature differences between 
the particle and the gas is again the model, developed by Horn, Csaba and 
the author. However, while allowance is made in this model for the radiative 
properties of the solid and gas phases, no consideration is given to the two-stage
oxidation of the char residue which is most likely to occur, and which 
could have important consequences in the partition of heat between the 
particle and gas phases.
So far, reference has been made only to models. dealing with suspensions 
of particles but one model exists which, while it has a limited practical 
application, is well suited to the description of combustion in idealised 
laboratory systems. This is the single particle model of CSABA and BAUM
[1967] (89).
Csaba and Baum’s simulation incorporates much of the refinement of 
the imodel of Horn, Csaba and the author, adapted to the single particle 
approach but in addition,a crude attempt is made to account for the effect 
of particle size on combustion. It is assumed that the particle is 
composed of two ’’Siamese twin" spheres, one being the fixed carbon and 
the other being the fused ash. The equivalent particle diameter is taken 
as the sum of the two spheres in the heat transfer calculation, and the 
momentary diameter of the fixed carbon sphere in the reaction rate 
calculation. One advantage is the fact that the model has been programmed 
for the analogue computer which makes it particularly useful for studying 
the .influence of selected variables on the course of combustion,
. (With the exception of the Csaba-Baum model,this section owes much 
to the survey of mathematical models conducted by Field et al (1, Ch.8).
.7 SUMMARY and CONCLUSIONS 
3*7*1 Structural Change
SINNATT’s classic work on structural change was mainly concerned with 
coarsely ground, caking coals, heated in a range of gases applicable to the 
carbonisation industry. Some investigations were made, however, of particles 
heated in air and the formation of hollow spheres was noted. He used an 
optical microscope and transmitted light and considered mainly the exteriors
of his particles. ORNING also noted that "cenospheres" were formed from 
pulverised coal particles in laboratory furnaces, and ALPERN and co-workers 
extended the observations to changes taking place in large flames. They 
used a transmission electron microscope to examine the outer surfaces of 
soots and ’’microcenospheres" and an optical microscope to investigate the 
cross sections of larger particles. However, several aspects of structural 
change need to be investigated further. These include: the changes
occurring during ignition and the early stages of burnout; the nature 
of the unbumt solids at the end of flames and the influence of the original 
lithotypes and of the gaseous composition of the environment on the types of 
char structures produced. The exterior surfaces and the interiors of 
particles need to be examined together to obtain a complete picture of 
structural change•
(NOTE: Since this survey was first begun,several papers have appeared
in the literature on aspects of structural change in coal particles, 
including those of THE AUTHOR and his co-workers).
3*7*2 Swelling
i No comprehensive measurements on particle swelling have been made 
which are applicable to conditions existing in a p.f. flame. SINNATT, and 
later LITTLEJOHN, measured swelling in nitrogen but in the former’s work the 
particle sizes were larger than those normally employed and it is not always 
easy to identify the coals used, whilst Littlejohn has only reported 
preliminary results. Moreover, while swelling in nitrogen is of interest, 
it is. unsafe to assume that swelling in air will be identical to that in 
nitrogen. Sinnatt’s measuring cylinder technique for expressing volume 
changes does not yield information on the behaviour of individual particles^ 
and for this reason^microscopical examinations are to be preferred.
'3*1*3 Apparent and Bulk Densities
No information has been published on changes that occur in the 
apparent and bulk density values of samples of pulverised coal during 
combustion. Apparent density or pore volume determinations on other 
carbonaceous solids, including carbonised coals, have been extensively 
reported, however, and the techniques of measurement well developed. Fluids 
have ranged from helium (giving values approximating to the true densities 
of the solids) to mercury which has been used to explore the largest pores. 
The silicone oils are the latest additions to the range of intermediate 
fluids that have been used.
3.7.4 Specific Surface
No published data could be found on the specific surfaces of samples 
of pulverised coal chars although pulverised coal, itself, including pure 
vitrains, and other carbonaceous solids have .been the subject of extensive 
investigations. Of the techniques available, high temperature sorption 
using the rare gases, particularly xenon, is generally accepted as being the 
best, although the values for the. specific surfaces obtained (as for all 
sorption measurements) are open to interpretation.
3.7*5 Temperature and Heat Treatment
Temperature measurements, of particles in suspension - even composite 
records like ORNING1 s - can, at best, only provide information on part of 
their heat treatment and for this.reason, the single particle technique is 
to be preferred. A non-contact mode of measurement has the obvious advantage 
that it does not interfere with combustion but the techniques described 
in the literature, employing this principle, suffer from the severe 
limitation that they cannot be used to measure temperatures below 900°C.
It is essential to study particles of less than about 300 p 1 diameter if 
realism is to be achieved.
3«7»6 Mathematical Model
It is convenient to investigate the effects on combustion of the 
physical changes undergone by particles, by means of a mathematical model. 
Of several models published, CSABA and BAUM1 s is perhaps the most suitable 
for this purpose. It is the only one to be specifically programmed for the 
analogue computer (which itself offers several advantages); it is fairly 
sophisticated in its treatment and it describes the progress of single 
particle burning where mixing is perfect and the • flow conditions are 
simplified. However, some of its assumptions and its method of treating 
particle size are unrealistic, and for this reason, a new model, using the 
same method of approach but incorporating more reliable data, needs to be 
developed.
4.0 SCOPE
The object of this research was to study certain aspects of the 
process of physical change occurring during the rapid heating of pulverised 
coal particles and thus fill a gap which was found to exist in the knowledge 
of p.f. combustion.
The desirable features of an experimental method that is to yield 
data applicable to operational systems, are as follows:
(i) it should be capable of heating coal at a maxi mum rate of 
about 104 °C/s to a top temperature of about 1600°C (1873°K)
(ii) it should be capable of dealing with coal particle sizes 
representative of the distributions normally employed i.e. the particle 
diameters should vary from a few microns to about 250" pi.
(iii) it should be capable of keeping individual particles under 
observation and recording their temperature during the whole course of their 
heat treatment, the latter being about one second in duration.
(iv) sufficient sample should be obtained for analytical purposes
(v) contact of the volatile^ with the char should be similar to 
that occurring in a flame.
O'
No one technique came near to meeting these requirements and it was 
decided, therefore, to use two methods of approach;- the single captive 
particle technique, in which a number of coal particles were heated one at 
a time; and studies of suspensions of particles heated in furnaces ranging 
from the laboratory scale to the large operational plant.
The techniques were complementary. In the case of the single particles, 
structural and size changes were monitored during the whole heating cycle 
by high speed cine photography and a simultaneous temperature record was 
made using a specially developed instrument. The latter was based on the
use of a liquid-nitrogen-cooled indium, antimonide cell which was selected 
primarily for its rapid response and sensitivity to thermal radiation 
over the wavelength range 1.5 pn to 6.0 pm. This corresponded to the peak 
intensities from particles whose temperatures were between 300°C (573°K) 
and 1650°C (1923°K) . A restriction to the technique was imposed by the 
energy available at the detector at the lower temperature, and this in turn 
defined a minimum target diameter of about 250 pm. The precise diameter 
was not critical since a method of two-colour pyrometry was adopted, which, 
within the limits of sensitivity of the cell, was not influenced by changes 
in the radiating surface area of the particles. This was a very important 
consideration when the particles were likely to change in size and shape 
during combustion. One limitation to the single particle method was the 
lack of material for chemical analysis, and another was the fact that the 
conditions themselves, while they could be made realistic in terms of 
heating rate, were not completely authentic, since the combustion of the 
individual particles took place in isolation and the support filament 
itself inevitably modified the course of combustion.
The suspension technique permitted adequate samples to be collected 
for analysis and the conditions were representative of the full scale.
In addition to chemical analysis, the samples were examined microscopically 
using both the optical microscope and the scanning electron microscope.
The former provided information particularly on the internal structure of 
particles, whilst the latter was ideally suited to examine their exterior 
surfaces. Particle swelling was also determined microscopically using 
standard statistical techniques to evaluate the significance of the results. 
Measurements of apparent density were made using a modified density bottle 
technique. The main object of the determinations was to obtain confirmatory 
evidence for the changes revealed by the microscopical examinations rather
than to provide a comprehensive description of the pore volume distribution.
A single penetration fluid, therefore, was used and of the range of 
compounds available a silicone oil was chosen for its ability to penetrate 
all the visible pores and for its inert nature. However, the suspension
technique was not without its disadvantages. The behaviour of particles
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could only be inferred from the samples collected and a means of measuring 
particle temperatures during the whole.duration of their treatment was not 
available.
Using the results obtained1from both techniques as input data, a 
mathematical model was constructed to predict the combustion behaviour 
(extent of particle burnout, particle temperature and the associated gas 
temperature and composition) of single particles travelling along the axis 
of a laboratory tube furnace. This model was strongly influenced by the 
previous one developed by Csaba and Baum but differed from it in several 
important respects in addition to containing the new data (Table 1). The 
model was programmed for the analogue computer and particle surface area was 
made a major variable in the program. By comparing the computer predictions 
with measurements made using the furnace, information was sought particularly 
on the extent of carbon residue surface participating in the reactions and 
the relationship between this area and that measured using the xenon gas 
sorption technique. The single particle approach was adopted in an attempt 
to simplify the system and facilitate the analysis of results. It must be 
stressed that the model, as such, was not intended to simulate particle 
combustion in large flames where mixing and flow patterns, in particular, 
are complicating features.
TABLE 1
MATE DIFFERENCES BETWEEN CSABA-BAUM MODEL (89) AND PRESENT MODEL
ITEM CSABA-BATJM MODEL PRESENT MODEL
BASIC DATA
%
Cpc
.. V  -
£pw
ds
HEAT TRANSFER 
^PB
T• G
T
p
(During
devolatilisation) 
REACTION RATE
k ch
f
K.
TH
Constant 
Constant 
Constant 
1*0 (Black-body) 
"Siamese-twin"
Single stage 
C + 02-~ C02
hv computed
/
Emissivity derived 
empirically
\
Constant at 673°K
Computed from theory
Arrhenius, using data from 
Kamenetski (90,p.56)
' 1.0 (particle diameter 
contracts during combustion) 
Formula, origin unquoted-
Function of Temperature
Function of Burnout
Function of Temperature
Function of Burnout 
(Derived experimentally) 
Function of Burnout 
(Derived experimentally)
Two stage, p. dependent
c + 4o2—  co 
co + 4o2—  co2
h determined experimentally
/
Contribution from CO 
< oxidation 
Radiative heat loss from gas 
ignored
Determined empirically using 
computer
. Determined empirically using 
computer
Arrhenius, using data from
Field et al (l,p.543)
Determined empirically using 
computer
Prom formula of Field et al.
5.0 EQUIPMENT AND TECHNIQUES
1 SINGLE PARTICLE STUDIES
5.1.1 Particle Heating Equipment
A facility was required for heating single coal particles of 
realistic size under controlled conditions. The device adopted was 
essentially a box constructed of heat resistant material in whose walls 
were mounted four biconvex lenses of soft glass. Radiant energy from two 
tungsten-filament projector lamps was concentrated on the fuel particle 
situated at the focal point of the lenses. The particle was mounted on 
a quartz fibre which was attached to the prongs of a stainless steel fork 
suspended vertically from the top surface of the box.
Facilities were available for preheating the enclosure and for 
changing the composition of the. atmosphere. A small gas flame could be 
located above the particle to serve as an ignition source for flammable 
vapours evolved during combustion.
A hole cut in the floor of the box enabled radiation from the 
heated particle to pass to the collecting mirror of the infra-red detector, 
and an observation window in one comer allowed the progress of combustion 
to be monitored by a high-speed cine camera. (See Appendix 1, Fig. 1 and 
Plate 49* p.263.).
5.1.2 High Speed Cine Photography
*
A Fastax camera fitted with extension tubes and mounted on a tripod 
was used for cine photography., 100 foot lengths of'16 mm film were used 
exclusively and both black and white and colour films were taken.
(Appendix 3)«
Method
A typical procedure for simultaneously measuring the surface
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* Manufactured by: Red Lake Laboratories Inc., Santa Clara, CaliforjHa, U
temperature and obtaining* a photographic record of the heat treatment of a 
single particle is detailed in Appendix 4*
5.1.3 Temperature Measurement
The temperature measuring device used a liquid-nitrogen-cooled 
indium antimonide cell whose electrical conductivity varied with the 
intensity of thermal radiation falling upon its sensitive surface. The 
apparatus was capable of measuring the surface temperatures of particles of 
at least 250 pm diameter at temperatures above about 300°C (Fig. 1).
Thermal radiation from the target1 was collected, mechanically chopped 
and allowed to pass alternately through each member of a pair of narrow 
band pass filters. It was then allowed to flood the sensitive surface of 
the cell. A small d.c. bias current applied across the cell allowed changes 
in electrical conductivity to be measured as changes in cell voltage which 
after amplification and demodulation were displayed and recorded.
A black-body calibration facility was provided to express the 
amplitude of the signals thus produced in .terms of the. true temperature of 
the heated particle. The furnace was capable of operating up to 1500°C.
The filter assembly formed the basis of a system of two-colour pyrometry, 
the wavelengths of the two filters being centred on 3*1 p® and 4*5 p® 
respectively. The original assumption made was that the emissivities of the 
particle at each of these wavelengths were equal. This was subsequently 
shown to be generally invalid and it was necessary to measure the particle 
emissivities separately to derive true temperature.
Detailed descriptions of the apparatus and method of temperature 
measurement are. to be found in Appendices 4 and 5 and Section 6.1.4. The 
basic instrument and electronics but excluding the filter oscillator, 
calibration facility and other ancillary equipment was. constructed under 
contract by S. Smith and Sons, Wembley, Middlesex0. A present colleague
of the author's, Mr. J.H. Bach, as a former member of the staff of Smith's 
Industrial Division, was largely responsible for the design.
.2 SUSPENSION STUDIES: HEAT SOURCES .
5*2.1 The Vertical Tube Furnace
The laboratory suspension studies were made using a vertical tube 
furnace. This consisted of a quartz tube 1553 ^  long and 55 mm o.d., 
provided with sampling ports, and heated along, its length (maximum 
temperature 1225°K) by resistance elements located in the walls of an 
insulating enclosure • A narrow slot running the length of the furnace, 
exposing the quartz tube, enabled visual observations to be made.
(Appendix 6, Fig. 2).
Air dried coal, fed from a vibrating, hopper and entrained in a 
primary air stream at ambient temperature, was carried into the furnace 
through a refractory-coated water-cooled injector tube. A supply of gas^ 
heated to the same temperature as the walls of the vertical tube, comprised 
the secondary flow. Water-cooled probes enabled gas and solids samples 
to be extracted, and gas temperatures to be measured, along the length of 
the furnace (Fig. 3)*
—5 —1 —1The coal feed rate was approximately 4*0 x 10 kg sec" (2.5 g min )
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and the secondary gas flow was about 4*8 x 10 m sec . (30 1 min" )
corresponding to a Reynolds Number of 650 at 1223°K. Subsidiary tests, 
using a tracer technique, established that recirculation was insignificant 
and visual observations confirmed that the particles travelled in straight 
lines down the length of the chamber. Treatment times were calculated from 
the assumed (laminar) velocity profile.
Method
The techniques of operation are detailed in Appendix 7 and differed 
with the purpose of the experiments.. Coal feed rates were determined before
each trial by weighing the amount of p.f. delivered from the vibrating 
hopper over a measured time interval; gas flow rates were monitored 
using rotameters. Gas samples from the furnace were taken and analysed 
chromatographically and gas temperatures were determined using a miniature 
suction pyrometer. When ignition was established, temperatures in the 
region of the flame envelope were, also determined using a disappearing 
filament pyrometer. Solids were sampled at rates above isokinetic and 
quenched in water. They were filtered and dried, and subsequently analysed 
for their carbon, hydrogen and ash contents (Appendix 8) and mounted for 
microscopical examinations (Sections 6.2.2, 6.2.3). Usually particle size 
measurements were made using the technique described in Section 5.3*2., but 
on one occasion^the size distributions were determined by Coulter counting 
(Section 8.8.1). Determinations were also made of Apparent and Bulk Densities 
(Section 6.2.5), Swelling Ratios (Section 6.2.4) and Specific Surface Areas 
(Section 6.2.6).
5*2.2 Large Flames
In the field, samples of pulverised coal chars were obtained from the 
combustion chambers of a pilot plant-steam superheater and three large 
power station boilers.
The superheater was used in an experimental programme - with which the 
author was associated (88,91) - designed to investigate the Field cycle, a 
high temperature steam cycle promising high thermodynamic efficiency (92).
The combustion chamber of the superheater was cylindrical, approximately 2 m
in diameter and 10 m long fed vertically downwards by a single p.f. burner.
-1
The maximum coal firing rate was 1000 kg h . The walls of the chamber were 
lined with steam-cooled tubes which were joined at each end by a header of 
toroidal form. The superheater was extensively instrumented and fourteen 
access ports were provided along the length of the chamber for the insertion
of water-cooled probes to measure gas velocity, and temperature^-and to sample 
flue gas and flame solids. The plant provided an ideal facility for the 
study of p.f. chars and it was here that the author’s interest in physical 
change was first stimulated (Fig. 4) •
Eight samples of flame solids were also supplied by Dr. A.W. Read 
of the C.E.G.B., N.E. Region. These were obtained at top burner level from 
the furnace chambers of No. 5 and 6 Units at Blyth ”Btf and No. 1 Unit at
-1Thorpe Marsh Power Stations. Each boiler bums approximately 60,000 kg h 
of pulverised coal.- 
.3 SUSPENSION STUDIES: ANALYTICAL TECHNIQUES
5*3*1 Microscopy
(a) The scanning electron microscope
A Cambridge "Stereoscan" scanning electron microscope was used in 
the examinations. This microscope is characterised by a much greater depth 
of focus at high magnifications than an optical microscope so that it was 
particularly useful for studying the external surfaces of complete char 
particles.
For rapid examinations, it was sufficient for the particles to be 
scattered on a dry mount and examined under an electron beam of 2 - 5 kV 
energy. For the highest resolutions, however, a beam of 20 kV was used, 
the particles being first stuck to the mounts using Aquadag or. Silverdag 
and coated with, aluminium in a vacuum evaporation unit.
Dr. P. Lightman of the.Central Electricity Research Laboratories, 
Kelvin Avenue, Leatherhead, developed the particle mounting technique and 
was responsible for operating the scanning electron microscope used in the 
investigations.
■(b) Optical microscopy
A complementary optical technique was used to provide pictures of
* Cambridge Instrument Co., Grosvenor Place, London, S.W.1.
the internal structures of particles* This involved mounting the specimens
in "Araldite11 resin, sectioning, polishing and then photographing them by
*
reflected light using a Reichert metallurgical microscope* The technique
of mounting and polishing specimens is detailed in Appendix: 9*
Particles were also examined under a Projectina projected image
microscope using transmitted light*
5*3*2 Projected Area Determinations: Swelling
Prom each sample of coal or char 5 6 sub-samples were taken*
Each sub-sample was thinly spread on a microscope slide and random areas
of the field photographed using the Projecting microscope fitted with a
Polaroid film holder attachment. The particle images were then measured
on the photographic prints using a rule* Discrete ash particles were
excluded in the counts. The method had certain disadvantages. It tended
to favour the most stable particle profile; it raised the problem of
assessing the projected areas of individual particles which often departed
widely from circularity and it was time consuming and tedious. However,
***
perhaps the best alternative means, Coulter counting, suffered from the 
disadvantage that many of the particles tended to float in the electrolyte 
and were not included in the sample. A mixed system whereby particles 
were counted by two separate methods, each measuring different physical 
properties, was not considered desirable. .
Using the photographic technique, the method finally adopted was to 
group individual particle profiles under one of four general headings: 
circle, square, rectangle and triangle and measure the critical dimensions 
of each. Taking the whole assembly of particles in any one sample, both 
the arithmetic mean of the projected areas and the area standard deviation 
were calculated and from them the equivalent sphere diameters were derived. 
In the determination of swelling at least two samples of both the
* Reichert Optissche Verke AG, Wien 17, Austria.
. ** Projectina Optical Works, Heerbrugg, Switzerland.
*** Coulter .Electronics Ltd., High Street South, Dunstable, Beds.
untreated and treated coal were considered. The samples were then combined 
and the two gross samples thus obtained were examined for homogeneity of 
variance and mean, and treated by standard statistical techniques to. 
evaluate the significance and extent of swelling1 (Appendix 10).
5*3*3 Apparent Density
Apparent density was determined by the density bottle method using 
D.C. 702 silicone oil as the displacement fluid (Fig. 5)»
In the determinations, a known weight of sample, approximately 0.20 g 
was contained in a small round-bottomed flask and degassed at a pressure 
of. about 10~^ mm mercury, at a temperature of 120°C. The volume of the 
flask had previously been determined using distilled water ,at 25°C.
Degassed silicone oil was then admitted to the sample, in vacuo, up to the 
level of the neck. The bottle and its contents were carefully exposed to 
the atmosphere and transferred to.a thermostated bath at 25°C for a period 
of 6 hours before levelling and inserting the stopper.
An example of the method used for the calculation of apparent density 
is found in Appendix 11.
Duplicate determinations did not differ by more than £ 0.5 per cent 
of the mean.
5*3*4 Bulk Density ,
The bulk density of the particles was determined in a measuring 
cylinder, 10 mm in diameter. The bottom of the cylinder was tapped until 
the solids occupied a minimum volume which was recorded in millilitres.
The bulk density was computed .from the weight of the sample occupying the 
measured volume.
' • ' • *1.
Duplicate determinations did not differ by more than - 0.9 per cent
of the mean.
5*3*5 Surface Area Measurements
The surface areas of untreated pulverised coal and coal chars were 
measured by the. B.E.T. method using xenon gas at 0°C. The technique, has 
been described in the literature by Kini (6) and the apparatus used was a 
modification of his original one. It was noteworthy particularly for the 
fact that all measurements were made at pressures above atmospheric and 
the pressure parts were constructed from stainless steel.
In the determinations, xenon gas was held at constant temperature, 
25°C, and confined between three stainless steel valves in a short E-shaped 
section of stainless steel capillary tubing of known volume (Pig. 6).
Gas pressure was measured by a sensitive transducer, whose output was 
indicated on a digital voltmeter and whose pressure-output characteristics 
had previously been assessed. The' gas was then admitted to the sample 
contained in an evacuated tube, which was itself immersed in a dewar flask 
filled with melting ice. The internal volume of the sample tube had 
previously been determined and the sample after weighing, had been 
degassed in situ overnight, at a temperature of between 120°C - 150°C.
After an interval of between 3 and 6 hours, depending on the nature of the 
sample, the digital voltmeter reading was again noted.
Calculation
Knowing the volume of the "dead-spaces" in the pressure parts and 
the pressures before and after expansion the.amount of gas adsorbed on the 
porous solid was calculated using published data for the FV relationships of 
xenon. The process was repeated at a number of different initial pressures, 
normally five, and from the data so obtained, the specific surface area of 
the sample was determined using B.E.T. theory. The apparatus and technique 
is described in detail in Appendix 12.
6.0 EXPERIMENTAL RESULTS
6.1 SINGLE PARTICLE STUDIES
6.1.1 General
Approximately 200 experiments were performed in which particles
of a range of types varying from anthracite to low rank bituminous coals,
including pure lithotypes, were treated (Table 2). Particle diameters varied
between about 1000 pm and 100 pm. Gas compositions included air, nitrogen,
■)£
carbon dioxide and a simulated flue gas mixture. The particles were heated 
at the maximum intensity of the lamps, and in some cases, the gas flame- 
ignition source was employed. Simultaneous film and temperature records 
were obtaiined for all but the 100 pm diameter particles, when only a film 
record of combustion was produced, the level of particle radiation being 
too low in these instances to permit satisfactory measurements of temperature. 
Normally, particles were mounted on the quartz fibres singly, but in the case 
of the 100 pm diameter particles, due to difficulties of handling, several 
particles were mounted and treated together.
The objects of the single particle experiments were:
(i) to permit continuous observations to be made of the course of 
structural change, when the coals were rapidly heated in atmospheres of 
different gaseous composition. Particles within the p.f. size range were 
considered, and 1000 pm diameter particles were also included for comparison, 
since several references in the literature, (37>82,93), dealing with single 
particle combustion, are concerned with particles of this size or larger.
The’ gases included those likely to be encountered in a combustion chamber, 
and nitrogen, in which many devolatilisation measurements have been made.
(ii) . to allow particle swelling measurements to be made with the same 
range of gas compositions.
* Simulated flue gas mixture: 2$ carbon monoxide, 8$ oxygen, 15$ carbon
dioxide and 75$ nitrogen.
TABLE 2
SUMMARY OF GOALS EXAMINED
COAL
N.C.B.
CLASS 
COLE NO.
SIEVE ; 
SIZE 
pm
ASH 
io DRY
V0LATILES, 
io DRY
Yniscedwyn
Coegnant
Vitrain
102
203
f  53-63
\ . Single Particles 
24-105
12.3
0.6
6.6
16.3
Chislet 301b Single Particles 19.9 24.7
Owm
Grange Ash
Dinnington Main 
Vitrain
301a
402
501
53-63 . 
63-90
r 53-63
\ Single Particles
r' ' 24-105
\ Single Particles
4.5
19.4
1.7
21.4
28.7
35.3
Ackton Hall
Mai thy Main 
Vitrain 
Clarain 
Durain
*
Shaw Cross
502
502
502
702
502
i
53-63
Single Particles
f
24-105
* Single Particles 
Normal Distribution
22.7
1.1
2.2
7.3
11.8
28.1
38.4 
38.1
35.5
29.5
Markham Main 
Vitrain
Pye Hill *
602
602
24-105 
Single Particles 
Normal Distribution
1.1
18.6
36.9
30.3
Walton Kent 602 Single Particles 19.8 31.4;
Manton
Clarain
Durain
Granville
702 . 
801 ’•
702
24-105
„ Single Particles 
Single Particles
3.2 . 
5.8
22.7
36.4
33.2
28.1
*
Northumberland 702 Normal Distribution 16.0 29.3
Hilton Main 802 . Single Particles 17.1 32.4
*
Thoresby 802 Normal Distribution 14.6 27.2
Nailstone 
Vitrain 
Clarain 
Fusain
. 902
✓
24-105 
Single Particles
3.0
4.2
21.5
45.4 -
48.6.
Lea Hall 902 Single Particles 17.4 33.2
Rawdon 902 53-63
63-75
. 105-124.
12.7 34.5
* Coals used in Corrosion Trials, Littlebrook Experimental Superheater.
(iii) to enable simultaneous temperature measurements to be made, so that 
changes in the physical nature of the residues could be related to their 
temperature histories.
6.1«2 Visual Observations
(a) Treatment in Air (Plates 1.2) .
On rapidly exposing particles of bituminous coal to the concentrated 
energy from the projector lamps, typically they softened and swelled and 
any angular edges became rounded. Fissures were seen to open up on the 
surfaces and gradually become filled with fluid material. In the smallest 
particles examined, the whole particle sometimes became plastic and swelled, 
and if, at this stage, two adjacent particles were brought together, they 
stuck and fused. With larger particles, only part of the surface at one 
time became involved in the swelling process.’ Large hollow protrusions 
could be put out whilst the rest of the surface remained static, but 
sometimes these protrusions took the form of small outgrowths reminiscent 
of worm casts.
Simultaneously with the swelling, volatiles and water vapour were 
evolved. The emitted cloud was copious or scanty, of uniform density or 
composed of discrete droplets. The latter gave a granular appearance to 
the cloud and the liquid nature of the granules was shown (in the absence 
of the flame ignition-source) by inserting a. quartz hypodermic needle into 
the boundary layer of the particle and sampling the cloud of evolved 
volatiles. The volatiles could be ejected forcibly from selected areas of 
the particle surface (at distances up to about 500 particle diameters away) 
or they could be ejected quietly and form a layer about one radius thick 
around the lower and lateral surfaces of the particle. Occasionally, 
during vigorous devolatilisation, parts of the surface could be seen to 
be ruptured and blown off in front of the cloud of escaping volatile
material. The concentration of volatiles.present in the environment 
around the particle apparently determined whether a volatile flame was 
formed.
With the completion of the devolatilisation process, swelling 
ceased and after a discrete time interval the particle underwent a slight 
contraction.
The end of contraction marked the beginning of obvious residue 
wastage. Surface irregularities such as the ’’worm casts" were 
preferentially attacked and the particle became more rounded in outline.
The hollow nature of both the 250 pm and 100 pi diameter particles often 
became apparent at this stage. Large surface holes were seen to be present 
and it became possible to look into and occasionally, through the particle. 
Wastage took place hy small pieces or granules of the particle mass 
becoming eroded and being swept away by convection currents. Subsequently 
the wastage proceeded in one of two ways. Either the particle was eroded 
away completely by the continuing loss of small pieces and the diameter 
gradually contracted ("granule" fragmentation), or the wastage took place 
by the erosion process resulting in large thin plates becoming detached 
from the particle surface ("plate-like" fragmentation). These plates while 
still attached to the main body of the particle often expanded outwards in 
a process reminiscent of the unfolding of flower petals. Later the plates 
were themselves consumed either while still remaining attached or after 
becoming free. "Plate-like" fragmentation was particularly characteristic 
of the medium rank coals, CRC 400-600, but was observed in individual 
particles in ranks CRC J00 to 700. "Granule" fragmentation was seen in all 
ranks below anthracite, but was particularly common in the low rank coals, 
CRC 800 to 900.
Examination of particles of vitrain, clarain and durain from
CRC 500 to 700 and 900 did not consistently reveal points of difference 
which could be attributed to the particular lithotypes. However, in the one 
sample of fusain from CRC 902 examined, the particles were characterised by 
their lack of hollow structure, their rapid ("granular") fragmentation and 
their apparent absence of a plastic stage during devolatilisation and swelling.
Like the fusain‘particles, the particles of anthracite examined were 
also characterised by their lack of hollow structure but they differed from 
fusain in their low rates of reaction. The cloud of emitted volatile 
material was hardly noticeable, swelling did not take place and the angular 
shape of the particles was preserved until an advanced stage of combustion. 
Erosion proceeded by "granular" fragmentation but combustion temperatures 
were not high enough for burnout to; be completed in the heating period of 
the experiments (normally about 3 seconds for a 250 -pm diameter particle).
(b) Treatment in Gases other than Air
Treatment of the particles in nitrogen, carbon dioxide and 
simulated flue gas produced structural changes which were very similar 
among themselves but differed in several respects from those occurring in 
air.
In general, volatile evolution was less vigorous than in air and 
in no case was a volatile flame formed. On the other hand, the extent of . 
swelling was greater. In the 1000 yim diameter particles, particularly of 
the medium rank coals, larger areas of the surface became fluid at one time 
than was the case in air, and the protrusions were wider and blunter. In the 
smaller particles, the whole surface became plastic as it did in air, but 
the process was more spectacular, the particles alternately expanding and 
contracting in very rapid succession. The surfaces of the spheres in 
coals of CRC 400 to 600 frequently displayed a honeycomb appearance, and 
it is of interest to note that a similar phenomenon has also been observed
during the evaporation stages of combustion of residual fuel oil droplets (94).
The bubbling process ceased with the end of volatile expulsion, and 
unlike the case in air-treated particles, no further contraction took place*
No obvious residue wastage occurred either, the particles remaining 
unchanged on their support filaments until the end of the heating cycle.
(c) The Behaviour of Ash
Since care was taken in the single particle; studies to exclude 
particles containing obvious mineral matter, it is hardly surprising that 
during the experiments the presence of ash was scarcely noticed. Only in 
a few cases did the ash appear to fprm any kind of skeleton and when it 
did the structure was very fragile and easily disintegrated. It was 
infe;pred that the inherent ash present was being removed during 
fragmentation, and subsidiary experiments, using the sampling needle, showed 
that;,this was the case. In no instance did the presence of ash obviously 
impair combustion.
6.1*3 Swelling
Changesin particle dimensions resulting from heat treatment were 
assessed from the photographic film records of the individual particles 
projected onto a screen. The magnified images were arbitrarily classified 
into one of four shapes: square, rectangle, circle and triangle and the
critical dimensions of each measured using a millimetre rule. From the 
areas so obtained the equivalent sphere diameters (E.S.D. !s) were calculated.
The Swelling Ratio of an individual particle was defined:
„ E.S.D., Heat Treated Particle
Swelling Ratio = ■ E;s>l,7~u^eated Article"
Measurements were both time consuming and costly and the technique 
suffered particularly from the limitation that insufficient numbers of 
particles could be examined to make it quantitatively significant (Tables 3>4)*
TABLE 3
SINGLE PARTICLE SWELLING•: IN AIR
COAL
RANK
CODE
LITH0TYPE
NOMINAL
DIAMETER
' SWELLING RATIO
MAXIMOM + • FINAL +
INDIVIDUAL MEAN INDIVIDUAL MEAN
102 .1000 1.0,1.0 1.0 1.0,1.0 1.0
301b ■- ■fi­ 1.38,1.42 • 1.40' 1.29,1.22 1.26
402 - ll * - 1.04,1.31 1.18
502 - II 1.53, * - 1.17,1.01 1.09
602 — * 1.35 - 1.00,1.05 1.03
702 - II * ■ - 1.08,1.32 1.20
802 - !! * 1.00,1.09 1.05
902 - It * - 1.16,1.18,1.18 1.17
902 Vitrain II * - 1.23,1.25 1.24-
102 250 1.0,1.0 1.0 1.0,1.0 1.0
301b - » 1.58,1.32,1.58 1.49 1.38,1.23,1.39 1.33
402 - it 1.72,1.21,1.00 1.63,1.18,1.00
1.51,1.82,1.00 1.38 1.39,1.54,1.00 1.29
501 Vitrain it 2.02,1.37,1.32' 1.57 1.83,1.16,1.21 1.40
502 • - ti 2.03,1.34,1.67 1.80,1.26,1.42
1.25,1.16,1.39 .. 1.47 1.04,1.04,1.32 1.31
502 Vitrain it 1.64,1.65 1.34,1.65
1.37,1.30 . 1.49 1.29,1.17 1.36
502 Clarain it 1.60,1.53,1.36 •1.47 1.17,1.35,1.20 1.24
602 - it 1.05,1.43,1.16 1.00,1.26,1.10
1.66,1.31 1.32. 1.44,1.11 1.18
602 Vitrain ti 1.19,1.59 .■ 1.39 1.07,1.43 1.25
702 _ - it 1.37,1.17 1.27 1.30,1.00 1.15
702 Clarain ti 2.02 . 2.02 1.86 1.86
702 Durain it 1.25,1.24,1.05 1.17,1.24,0.95
1.23,1.16' 1.38 1.14,1.08 1.12
802 _ ii * 1.15 1.36,1.01
1.23,1.18 - 1.00,1.08 1.11
902 — ii 1.14,1.26,1.22 1.05,1.26,1.05
- 1.03,1.36,1.26 1.03,1.25,1.23
1.05 . 1.19 . 1.05 1.11
902 Vitrain ri 1.23., 1.44 1.34 1.11,1.20 1.16
902 Clarain it 1.04,1.16-,1.22 1.14 1.01,1.03,1.12 1.05
902 Fusain it 1.14,1.17,1.16 1.00,1.05,1.00
1.27,1.19 1.18 1.09,1.07 1.04
* Not Available
+ For definitions of- "Maximum” and "Final" see 6.1*3 (2)
TABLE 4
SINGLE PARTICLE SWELLING : IN GASES OTHER THAN AIR
COAL '
RANK
CODE
LITHOTYPE
NOMINAL
DIAMETER
jim
GAS
SWELLING RATIO
MAXIMUM + FINAL +
INDIVIDUAL MEAN INDIVIDUAL MEAN
102 1000 N 1.0,.1.0 1.0 1.0,1.0 1.0
402 - ti 11^ * 1.40 - 1.27,1.30 1.29
502 - it 11 * 1.0 1.34,1.0
* <f) - 1.36, / >1.23
602 Vitrain it n *, *, * - 1.25,1.12,1.19 1.19
902 - ii 11 *, 1.26 . - 1.28,0.88 1.08
902 Vitrain it 11 *’ * 1.12,1.17 1.15
102 250 1.0,1.0 1.0 1.0,1.0 1.0
402 - ti 11^ 1.40,1.50 1.45 1.14,1.50 1.32
502 - - it 1.66,1.51 1.59 1.36,1.51- 1.44
602 Vitrain it 11 1.12,1.10 1.11 1.06,1.10 1.08
902 - ti 1.55,1.06, 1.31 1.44,1.06 1.25
902 Vitrain it 11 1.18 1.18 1.10 1.10
102 1000 C0Q 1.0, 1 • 0 . (v 1.0 1.0,1.0 1.0
402 — nc *, i - 1.70, jzf >1.70
502 it 1.53, * . - 1.18,1.21 1.20
602 Vitrain I 11 * • - 1.69 1.69
902 - it 1.13, * - 1.04,1.20 1.12
902 Vitrain 11 1.12 1.12 1.12 1.12
102 250 coQ 1.0,1.0 1.0 1.0,1.0 1.0
402 - It II*- 2.09.1.92, 2.00 1.40,1.63 1.51
502 — I 1.57,1.30,1.00 1.29 1.51,1.19,1.00 1.23
602 Vitrain I 1.16 1.16 1.16 1.16
902 • I 1.46,1.18 1.32 1.45,1.18 1.32
902 Vitrain I It 1.46 1.46 1.33 1.33
102 250 Flue 1.0,1.0 1.0 1.0,1.0 1.0
Gas
301b I 11. 1.06,1.95,2.30 1.77 1.06,1.82,1.70 1.53
402 I » 1.48,1.76 1.62 1.43,1.32 1.38
502 - I 11 2.05,1.00,1.64 1.90,1.00,1.43
1.80,1.40 1.58 1.71,1.40 1.49
602 - II ti 1.75,1.50 1.63 1.58,1.25 1.42
702 ' - I 11 1.14,1.15 1.15 1.14,1.03 1.09
802 - II it 1.13,1.10 1.12 1.00,1.00 1.00
902 - I I 11 1.44,1.30,1.12 1.29 0.90,1.30,1.05 1.08
+ For definitions of "Maximum" and "Final" see 6.1.3 (2)
</> Particle "swells out of picture" 
* Not Available
However, it was useful in demonstrating trends, and several points are 
noteworthy j
1. In the 1000 pm diameter particles, the swelling was most often 
anisotropic, localised areas of the particle becoming plastic and expanding 
while the rest of the surface remained static. As the size decreased, more 
of the particle became involved in the softening process at one time, so 
that with the 100 pm diameter particles the swelling was isotropic, all 
dimensions changing in approximately the same proportion. Unfortunately 
due to their small size, these were also the particles which it was 
impossible to measure accurately on the film, and moreover, they often 
stuck and fused together into a large mass so that their individual 
swellings were obscured.
2. In air, most particles underwent an expansion during the 
devolatilisation phase, the time of maximum swelling coinciding with the 
end of volatile evolution. After a short time interval, (approximately 
20 milliseconds for a 250 pm diameter particle), a contraction occurred.
The particle diameter immediately after the contraction period (final 
swelling), was about 90 per cent of that at the time of maximum swelling.
In nitrogen, carbon dioxide and simulated flue gas, expansion and 
contraction followed one another in rapid succession, the overall particle 
volume becoming larger as devolatilisation proceeded. The diameter of the 
particle at the end of the contraction immediately following the maximum 
expansion, was used to compute the final swelling ratio. No further 
contraction occurred during the subsequent heat treatment. Again, the final 
swelling ratio was about 90 pen cent of the maximum.
3* In all the gases investigated, the particles of medium rank 
bituminous coals swelled more than those of higher or lower ranks. 
Anthracites were found not to swell at all. Increase in particle diameter
resulting from heat treatment in nitrogen, carbon dioxide or simulated 
flue gas, was slightly greater than that in air, but the final swelling 
ratio was generally less than 1,50. This corresponded to a volume about 
5*40 times greater than that of the original coal.
4. No difference in swelling ratio could be attributed to differences
in initial particle diameter over the range 1000 jun to 250 pm.
5* There were marked differences in swelling properties of individual
particles even of the same lithotypes of a given rank (Section 6.2.4)* By
averaging all the lithotype particles treated, irrespective of rank, the
relative values for swelling ratioiwere found to be:
Clarain >  Vitrain^ Durain >  Fusain 
(1.38) (1.29) (1.08) (1.00)
6.1.4 Temperature and Bmissivity
(a) Development of Technique
*
It was found that a single aperture, nominally 250 pm diameter, could 
be used in.the temperature measuring device throughout the entire series of 
experiments. Difficulties associated with moving the aperture plate and 
recalibrating the apparatus in considering different particle sizes were thus 
avoided; and sufficient energy was made available at the detector cell for 
satisfactory measurements, provided that the. target filled most of the field 
of view.
The original assumption made was that the emissivities of the char
particles were the same at both of the selected wavelengths. This assumption,
however, almost invariably produced anomalous results in which the
temperatures as indicated by the ratio method were lower than the black-body
temperatures appropriate to the cell outputs from the individual filters.
/
These anomalies were common to a variety of coal chars and (enclosure) gas 
compositions.
* Aperture sizes are quoted in terms of the actual field of view. Due to 
the optical system involved the diameter of the aperture itself was 
approximately 75$ of this figure (Appendix 5)•
** it was necessary in this case,for the background radiation to represent ^
. an insignificant proportion of the total if accuracy were to be maintained.
It seemed likely that the assumption made concerning the equality 
of the emissivities was invalid, and to .test this theory it was decided 
to examine the cell outputs when the target was at a known temperature and 
when the nature of its surface was made representative of stages in the 
combustion history of particles. In this way, useful information could 
also he obtained on the possible variation of the emissivities with 
burnout.
Three types of particles were investigated: 10 pm diameter ash
particles (obtained from both the Eawdon and the Ackton Hall coals) and 
60 pm diameter coal and char particles, the latter being sampled from the 
flame in the Ackton Hall trial (Section 6.2.7). The particles were mounted 
as a thin layer on the surface of a copper block which was located in the 
position normally occupied by single particles in the enclosure, and heated 
by the projector lamps. The apparatus and method of measuring emissivities 
are described in detail in Appendix 5*
Two sets of measurements were made for each surface and from the 
scatter of results obtained, relating emissivity at each wavelength to 
particle temperature, best lines were drawn by regression analyses using the
C.E.G1B. Computer Programs REG 1 and EVPLOT. .
i  For coal particles up to 400°C, the emissivity at both the chosen 
wavelengths was found to be essentially that of a black-body, but for both 
the char and the coal ashes the emissivities were less than unity at 
temperatures between about 400°C and 1000°C, those at the 4*5 pm. wavelength 
being consistently greater than those at 3**1 p31 (Figs. 7*8).
c
As a check on theperf ormance of the. temperature measuring device 
when the emissivities of the target were Imown to be less than unity, the
emissivities of a platinum gauze were determined in a similar manner
to the coal samples. The gauze was electrically heated and the temperature
was measured (with the heating current switched off) by means of 20 pm 
diameter platinum and platinum/1 y[o rhodium wires which were woven into the 
gauze. The results obtained are listed in Table 5 and. compared with values 
quoted in the literature.
TABLE 5
VALUES FOR THE EMISSIVITY OF PLATINUM
Temp.
°C.
Pt• Gauze 
Spectral Emittance 
(Author)
• Pt. Strip 
Spectral Emittance 
(Price) (95)
Pt.(Unknown) 
Total Emittance 
(Roeser,Wensel)
(96, p.2959)5*1 pa 4.5 pn 5*0 pn 5.25 pn 4.25 pn 4.5 pm
500 0.10
607 0.09 0.08
1000 0.15
1011 0.09 0.08 ' „
1125 0.20 0.19 0.16 0.15
1140 0.10 0.09
1500 0.19
Differences in the emissivity values of ash and char at the two 
wavelengths, enabled correction factors to be derived and applied to the 
ratio of cell outputs obtained experimentally during single particle 
combustion. Extrapolation of the correction factors was necessary at 
temperatures above 1000°C but the constancy of the factors with rising 
temperature above about 650°C (char) and 750°C (ash) gave some confidence 
in the validity of this approach (Appendix 5) (Eigs. 1,Q).
Using the corrected ratio, true particle temperature could be 
obtained at any given time provided that an assumption was made concerning 
the nature of the particle i.e. that it was wholly combustible material 
or ash or in some intermediate state. The latter could normally be deduced 
from the photographic records. Under these conditions, however, it was
difficult to assess the accuracy of measurement with any precision. If
the particle could be identified as char alone, the experimental results
from the emissivity measurements indicated that , the uncertainty in the true
temperature was less than £ 10°C which had to be added to the uncertainty
shown in the black-body calibrations. For pure ash, the maximum uncertainty
+ 0from the emissivity determinations was - 50 0 again to be added to the 
black-body calibration figures. Particles below 400°C could be treated as 
black-bodies.
(b) Measurements in Nitrogen. Carbon Dioxide and Simulated Flue Gas
When particles were heated in nitrogen, carbon dioxide and simulated
flue gas (the two latter gases requiring special calibrations) the temperature
rose uniformly at a rate depending, at constant lamp setting, on the size of
the particle. No discontinuity in the rate of temperature rise was observed
during the devolatilisation phase, indicative of substantial heats of
volatile evaporation (this point is referred to again in Section 8.6). For
a typical particle of a rank 902 coal of actual dimensions, 1550 pm x 1250 pm
x 1000 pm, heated in nitrogen, a maximum temperature of 1200°C was achieved
in 2.10 seconds after raising the shields, at an average rate of temperature 
o -Trise of 570 C s~ . Devolatilisation of the particle, as revealed by an
examination of the cine film, took place in 1.02 seconds, the temperature
at the beginning of volatile evolution being about 400°C and at the end 930°C.
The average rate of temperature rise of particles which were nominally
5250 pm diameter, heated in all three gases, was between about 2.9 x 10 and 
1.7 x 105 °C s"V. The maximum temperature achieved was between 900° and 
120d°C. V
■(c)' Measurements in Air: The Typical Pattern
In air, it was found that for most bituminous coals, the thermal 
history conformed to the pattern illustrated in Figures 9>10 and Table 6 , 
and Plate 1.
On exposing the particle to.the radiant energy from the lamps, its
temperature rose and at about 385°C volatiles began to be evolved. The
temperature continued to rise during the devolatilisation period fluctuating
slightly and when, 0.34 seconds after the start of heating, the volatile
evolution and swelling had ceased, the temperature had reached about 825°C.
At the beginning of the contraction period the temperature was 1275°C but
during contraction, it increased sharply and continued to rise for a period
of 30 ms after contraction had ceased, reaching a maximum of 1520°C. During
3 0 -1this period the rate of temperature rise was approximately 3*5 x 10 C s • 
Subsequent burnout of the residue was characterised by a slowly decreasing 
temperature, so that at 1.69 seconds and the beginning of fragmentation, the 
temperature was 1370°C. Thereafter, the temperature fell more rapidly, the 
particle disintegrating about 2.10 seconds after heating commenced, the 
temperature at that time being 1225°C.
Just as the visual observations generally failed to reveal any 
points of difference in behaviour which could be attributed to the 
different lithotypes, so an examination of their temperature histories did 
not disclose any distinctive pattern. However, fusain was again an 
exception. The thermal history was quite characteristic. The.total 
burning time was short, typically 0.8 seconds for a 250 pn diameter particle; 
the period of devolatilisation was compressed (0.14 seconds for the same 
sized particle); and residue combustion showed a very rapid rise in 
temperature, followed by an almost equally rapid fall during fragmentation, 
so that the trace of temperature against time could best be described as - 
an inverted "V".
One other thermal pattern was worthy of note. It was typical of 
anthracite and was observed infrequently in bituminous coals of ranks 500,
800 and 900. In all canes, the volatile content was low, swelling was
TABLE 6
COMBUSTION BEHAVIOUR: SINGLE PARTICLE IN AIR
• COAL RANK CODE : 3.00 
SIZE : 350:13111 x 300 pm x 300 pm 
LAMPS VARIAC SETTING S  270V (MAX.)
Film
Frame
Number
Time 
from 
start, s.
Temperature Swelling
Ratio Remarks
0 0 300 1.0 Start
61 0.10 385 First "worm cast1’ forms
81 0.13 385 • Volatile evolution starts
163 0.27 845 1.45 Simultaneously, particle 
bubbles locally and swells, 
thrusting out blunt 
projections.
204 0.34 825 1.39 Swelling ceases
302 0.30 1275 Particle starts to undergo 
contraction
350 0.58 1415 1.30' Contraction ceases
724 1.16 1480 1.30 First pieces of char break 
off.
916 1.45 1435 1.30 ■ Holes visible on surface
1067 1.69 1370 . 1.30 Pieces, approximately 10 pm 
' diameter break off. Small 
streamers formed.
1181 1.86 '1325 • 1.30 Hole, 40 pm x 30 pm 
observed on surface.
1246 1.96 1225 - Several holes on surface.
1311 2.06 1225 IT • Particle disintegrates. 
Pieces 75 pm x JO pm and 
135 p® 100 pm break off
insignificant or non-existant, and the chars were very unreactive. The 
temperature gradually rose to a maximum and thereafter remained constant 
for the duration of the treatment.
6.2 SUSPENSION STUDIESj TUBE FURNACE
6.2,1 General
Studies of physical changes occurring in pulverised coal particle 
suspensions were made in the laboratory.(using the vertical tube furnace), 
in a large pilot plant-steam superheater and in operational boilers. 
Combustion conditions in the tube furnace were less complex than those 
existing in large flames and consequently were more amenable to analysis. 
Moreover, the facilities for altering and controlling the particle 
environment were superior to those of large plant. However, the latter 
represented the "real" case and it was essential to study particles under 
fully authentic conditions if information on their behaviour were to be 
used with confidence in predictive simulations•
In the laboratory, the tube furnace was used to gain information 
on the following aspects of coal particle behaviours .
1. structural change and particularly how this varies with 
temperature and gas composition.
2. the extent of swelling both before and after ignition.
3* changes occurring in apparent and bulk density (which should 
reflect the changes in structure and swelling).
4* changes taking place in specific surface area as the particle 
is progressively burnt away.
Three trials were also conducted in which measurements were made of 
temperature and oxygen concentration along the axis of the furnace and in 
which samples were collected for physical and chemical analyses. These 
trials served as the standard against which the mathematical model was 
compared.
In all the experiments, laminar flow conditions were maintained to 
minimise the impingement of particles on the wall of the tube and enable 
accurate assessments to be made of treatment times. The latter were 
controlled by varying the distance between the injector and collector 
probes and to a lesser extent by varying the secondary gas flow.
Suspensions of closely size-graded particles were generally used to 
minimise the difficulties inherent in dealing with size distributions.
A wide range of coals were investigated^ including representatives 
of most coal ranks and samples of pure lithotypes (Table 2). Most of the 
bulk samples were supplied by the National Coal Board through Dr. G.V, Fenton.
Dr. A.H.V. Smith of the N.C.B. wan responsible for the petrographic analysis.
. *
6.2.2 Structural Change: In Air
It was well known that pulverised cpal- particles on rapid heating
formed hollow spheres. Little was known, however, about the process of
formation of these spheres such as might occur in the pre-ignition zone of
the flame, and if the evolutionary process differed with coal rank.
To obtain information on these points, it was decided to treat
particles in the tube furnace when the gas and wall temperature was raised
in a stepwise fashion. By collecting samples corresponding to each
temperature, and examining them microscopically, it was hoped to infer
the course of change in slow motion.
(a) Preliminary Trials
Initially, a sample of Rawdon coal, . CRC 902, sieve size 105-124 pn
was used, and the furnace operated with the . wall and secondary air
temperature between 300° and 800^0. The treatment time was about one second
and the particles were collected on a water-cooled plate, situated at the
* Dr. P. Lightman, Central Electricity Research Laboratories, was
responsible for the scanning electron photomicrographs illustrating 
Sections 6.2.2 and 6.2.3*
furnace outlet, instead of in the collector prohe which was developed later.
The following picture of structural evolution was obtained:
Untreated pulverised coal: . Differences in particle microstructure were
observable but macerals were not identifiable. 
Particles were angular in outline with no pores 
visible.
Heat treatment at 300°C Fissures opened up in the particles.
‘ Differences in particle microstructure were 
still apparent (Plate 3)• 
at 450°C Fissures were larger. Differences in particle
microstructure were still apparent. Closed 
gas bubbles occurred inside some particles. 
Outlines of the particles became rounded
(Plate 4).
at 500°C The majority of particles contained gas spaces
and spaces in communication with the exterior 
(the latter inferred by the presence of resin 
inside the particles). In the section (Plate 5) 
I the Araldite resin appears mid-grey in tone, the
char light grey and the gas bubbles look black, 
occasionally with white high-lights.. The outer" 
surfaces were often raised in the form of 
swollen horns and the presence of large surface 
holes was common (Plate 6). 
at 650°C Ignition occurred.
at 650°C and 800°C Above the ignition temperature, no obvious
differences were apparent in particle structure 
due to the temperature of treatment. At the
 ^ highest temperatures, wastage was apparent and
occurred particularly round the mouths of pores 
and surface, holes. Away from the wasted areas, 
the particle surface often possessed a 
characteristically molten appearance.
Pour main types of char particle were observed:
(i) SOLID PARTICLES often with fissures, and 
containing ash layers
(ii) LACY SPHERES with many internal cross 
partitions (Plate 7)* The specimens often 
possessed small (<2 pi) external pores and ash 
particles were frequently seen embedded in the 
walls.
(iii) very thin-walled BALLOONS with few internal 
partitions (Plate 8). Occasionally the particles 
possessed very large external pores or rents.
(iv) thick-walled spheres enclosing a central 
gas space often with no internal partitions.
Very large surface holes (up to 15 pi £or a 120 pi 
particle) were often seen and in cross section 
C-profiles were typical, (it is convenient to 
refer to these as C-SHAPED SPHERES) (Plates 9>10)
(b) Main Trials
These preliminary investigations were subsequently extended to cover a 
wide range of bituminous coals and included anthracite. The sieve sizes 
chosen were 53-63 F 3 83^ L ^3-75 pi» as it was thought that these were more 
representative of pulverised coal size distributions. Treatment times were 
between 150 ms and 500 ms using the collector probe and water bottle.
It was found that the great majority of anthracite particles at
temperatures up to 750°C showed no.discernible changes. Very few particles
became rounded and the presence of gas bubbles was rare. Hollow spheres
*
were not observed (Plate 11).
All the bituminous coals, however, formed hollow spheres which could 
be classified into one of the three main types. The fourth type, the solid 
particle, was also present in all the samples.
With the treatment times employed, the same evolutionary stages from . 
raw coal through gas bubble formation to the final char were observed as 
previously. Gas bubble formation usually commenced at about 450°C and one 
feature was particularly striking: the temperature dependence of the onset
of sphere formation. Sinnatt had previously noticed the same phenomenon (23). 
Depending on the coal, an increase in temperature of 50°C often sufficed 
to distinguish between the presence or absence of spheres. For example, 
in external appearance, Ackton Hall (CHC 502) treated for 150 ms in air 
at 525°C, showed little perceptible change from the untreated coal. At 
575°C, however, the majority of particles were rounded with visible pores.
At temperatures below which a flame was’established (approximately 650°C), 
Ackton Hall and more especially Cwm (CRC 203) and Grange Ash (CRC 402), 
all so-called "high-swelling11 coals, were noteworthy for the appearance of 
particles which were called "semi-umbrellas" (Plates 12,13). These were in 
a minority and were similar to, although not so well developed as, the 
remarkable thin-walled particles often formed during treatment in nitrogen 
(Section 6.2.3). It may noted that Rawdon (CRC 902), the only low rank 
coal treated, did not give rise'to "semi-umbrellas".
A possible objection to the slow-motion approach to studying the 
evolution of particle structure, was that it did not reproduce the 
conditions taking place in a flame where the time taken to reach the flame
front is of the order of 50 milliseconds and total burnout takes place in 
about one second. Therefore, to investigate the structural changes taking 
place along the length of a flame, samples were collected during the three 
trials (see Section 6.2.7) and examined both chemically and microscopically, 
accepting that detailed analyses of the kind undertaken during the slow 
motion experiments would not be possible.
In the trials, two coals were used, Rawdon and Ackton Hall. The 
wall/gas temperatures were 700°C, with ignition weakly established (Rawdon 
only) and 950°C, with stable ignition (Rawdon and Ackton Hall).
At 700°C with a Rawdon 63-75 pi fraction, hollow spheres and unchanged 
particles were sampled at the flame front, 75 ms after injection into the 
chamber (Plate 14); and at 140 ms, complete conversion had taken place 
simultaneously with the oxidation of the previously formed spheres. *
At 950°C using the 53-63 jam fractions of both Rawdon and Ackton Hall 
coal, almost complete conversion to hollow spheres occurred at the flame 
front, 70 ms after injection. At this position, many particles of both 
coals had large holes in their surfaces. Usually the particle walls were 
appreciably thick and the surface wrinkled and the holes formed initially 
during the expulsion of volatiles were irregularly shaped often with jagged 
lips (Plate 15). In the Ackton Hall coal, however, isolated particles 
possessed holes which were circular and the surface surrounding them was 
smooth (Plate 16). These could conceivably have been "semi-umbrellas", 
the membranous areas of which had been burnt away.
Along the axis of the chamber, particles of all types were found. 
Oxidation of the surfaces, as evidenced by progressive wastage, proceeded 
both internally and externally, and at the end of the furnace where particle 
combustion was about 80 per cent completed, fragmentation was obvious.
Eroded lacy and C-shaped particles were most in evidence. In the case of
Ackton Hall, balloon spheres were not detected after sampling position 4*
190 ms after injection.
(c) Selected Lithotypes
It was conjectured that the four main types of char particles, observed 
in a wide range of bituminous coals, represented the various lithotypes; 
but the proposition needed testing.
Accordingly, samples of selected lithotypes were ground and the sieve 
fraction 24-105 jxm was fed into the vertical tube furnace with the wall and 
air temperature at 800°C. Ignition was established in all cases and total 
treatment times were about 150 ms.
The most important observation made was that, with the exception of 
fusain, it was impossible to relate precisely the char types to particular 
lithotypes or even to maceral groups. The fusain component gave rise to 
chars which contained a large percentage of solid particles (plates 17,18).
Yitrains and clarains ("brights") containing high percentages of 
vitrinite tended to form thin-walled chars, both lacy and balloon types. 
Durains ("hards") composed mainly of inertinite and exinite gave thick-walled 
particles usually C-shaped, or C-shaped intermediates of balloon or lacy 
forms.
As rank changed, however,, considerable variations in the chars 
produced from the vitrinite component were discovered. Hailstone vitrain,
CRC 902, for example, produced chars with a very extensive finely divided 
internal structure (extremely lacy) (Plates 19,20). Coegnant (Plate 21) 
and Dinnington vitrains (CRC 203 and 501 respectively) produced considerable 
quantities of balloon spheres, whilst Markham Main chars (CRC 602), in 
addition to balloon spheres,: contained particles which were a balloon-lacy 
intermediate (Plate 22). Within.the vitrinite component, there appeared to 
be a natural progression towards a more extensive internal structure with 
decreasing rank.
TABLE 7
TYPES OF CHAR PARTICLES PREDOMINATING IN HEAT 
TREATED LITHOTYPES
LITHOTYPE VITRAIN CLARAIN DURAIN FUSAIN
NAILSTONE 
(CRC 902)
(95$. vitrinite)
LACY 
(extreme form)
LACY/BALLOON SOLID
MANTON 
(CRC 702/ 
801)
- •
(89°/o vitrinite 
7$ exinite 
2$ inertinite)
BALLOON • 
C-SHAPED/LACY 
(CRC 702).
■ (5$ vitrinite) 
32$ exinite 
62$ inertinite] 
LACY 
C-SHAPED 
LACY/C-SHAPED 
SOLID 
(CRC 801)
-
MARKHAM
MAIN
(CRC 602)
(93i° vitrinite)
BALLOON
LACY/BALLOON
“ - -
MALTBY 
(CRC 502/ 
702)
(94$ vitrinite)
BALLOON 
C-SHAPED/LACY 
(CRC 502)
(82$ vitrinite •
9$. exinite 
9$ inertinite)
BALLOON 
C-SHAPED 
(CRC 502) .
. (6$ vitrinite 
43$ exinite 
50$ inertinite)
C-SHAPED 
C-SHAPED/LACY 
(CRC 702)
-
DINNINGTON 
(CRC 501)
(97% vitrinite) 
BALLOON
- -
COEGNANT 
GELLIDEG 
(CRC 203)
(90$ vitrinite)
BALLOON (great 
majority
balloon/c-shaped
- • -
The durain component possessed a complex mixture of particle types,
■ J .
presumably governed in part by the relative proportions of inertinite and 
exinite present (Plate 23). With the samples available, however, no firm 
conclusions could be drawn on tendencies in structural change• Table 7 
summarises the findings. •
6*2,3 Structural Change: In Nitrogen
Very marked differences in microstructure existed between the particles 
of coals treated in nitrogen and those of the same coals treated in air.
The particle framework was far more open in the nitrogen treated chars, and 
examination of their cross sections revealed that balloon structures occurred 
much more frequently, Lacy and C-shaped particles while they existed, tended 
more to the balloon type (Plate 24).
In low rank coals such as Rawdon (CRC 902), the fully developed 
chars were of two main types, one with much convoluted walls, the other 
of more rounded form with the framework often dimly visible beneath an 
opaque membranous coat (Plate 25).
With Ackton Hall (CRC 502) and Cwm (CRC 203), almost all the 
particles formed characteristic "umbrellas’1, a term which is synonymous 
with cenospheres as originally defined by Sinnatt., In its extreme form, 
this type possessed large windows covered by a membrane and separated by 
thin ribs or spokes. The membrane was sometimes opaque but was generally 
transparent and brownish in colour. The ribs were often completely overlaid 
by the membrane (Plates 26,27).
The evolution of the spheres in nitrogen, was a similar process to 
that occurring in air and reported earlier, commencing with gas bubble 
formation (at about 450°C) followed by rounding and swelling (approximately 
500°C), and in true cenospheres, by the formation of membranes and ribs
(about 550°C)* With increasing temperature, the ribs were seen to get
J ' '
thinner and the membranous areas larger ,(Plates 28,29,30)*
Unbroken cenospheres were often seen at temperatures as high as 
700°C, (the maximum temperature of the investigation), and a noteworthy 
point was the apparent absence of pores in these particles. Sinnatt (21) 
had previously commented on the presence of minute forms present in the 
windows and one suggestion had been that these structures were orifices 
serving for the escape of volatile material. I also examined the solid 
bodies present on the membranes but in most cases failed to reach a definite 
conclusion as to their significance. Occasionally the bodies were definitely 
adventitious and were either ash or. carbon occurring over both ribs and 
membranes alike. In general, pores were less frequently found in 
nitrogen-treated particles than in air, and in swollen spheres than in 
more convoluted forms.
6.2.4 Swelling
A restricted range of coals was taken as representing extremes 
in probable swelling performance • The size fractions chosen were within 
the normal p.f. distribution and the transit;time was standardised at 
225 ms to give adequate treatments. Both' nitrogen and air atmospheres 
were used.
As in the case of the single particle work, swelling was 
characterised as:
q n • -p 1. Mean Equivalent Sphere Diameter (Treated Goal)
we m g  a o ]yfean Equivalent Sphere Diameter (untreated Coal)
Table 8 gives values for the swelling ratios obtained at a 
temperature which was arbitrarily taken to be 10°C below that at which a 
stable flame was first formed in air when the air:fuel ratio was 
approximately 20:1.
In every case, the confidence interval for the true ratio of the 
means of the treated and untreated samples is quoted at the 95 Vel? ce^t 
level.
TABLE 8
VARIATION IN SWELLING WITH RANK IN AIR AND NITROGEN
COAL
COAL
RANK
CODE
SIZE RANGE 
pm
B. S. SWELLING 
NUMBER
IGNITION 
TEMP.,°C
SWELLING RATIO
AIR NITROGEN
Rawdon 902 63-75 (Air) 
55-63 (N2)
' iI
650
n
1.04*0.03
1.16*0.02
Ackton Hall 502 24-30 (Air) 
53-63 (Air,H2)
5 •if
650
H
1.09*0.04
1.10*0.04 1.57±0.05
90-105(Air,N2) 11 I 1.09*0.04 1.58*0.05
Grange Ash 402 53-63 (Air) 8 660 1.16*0.04 —
Yniscedwyn 102 53-63 (Air) 0 850 1.00*0.00
Treatments at higher temperatures with Rawdon and Ackton Hall coals
in air, did not give significantly different results, although the "high-
swelling" coal was noteworthy for some aggregation of particles which occurred
on the microscope slide and the "dirtier" appearance of the samples. One 
! ’ ■ ■ 
interesting point was the swelling followed by contraction which took place
at the flame front (Table 9) • Although the precision of measurement would
not allow positive identification of the peak, this phenomenon was also
observed in the single particle experiments, A second feature was constancy
of particle diameter during the greater part of burnout.
TABLE 9
CHANGES IN SWELLING RATIO DURING PARTICLE COMBUSTION
(Trials 2 and 3* Section 6.2.7)
COAL
AND
RANK
SIZE
pm
TEMPERATURE,°C MIN.
OXYGEN
*
SWELLING RATIO *
WALL/AIR FLAME' (Milliseconds after Injection)
Rawdon 
(CRC 902)
53-63 950 1170
(max)
14.5 1.09(72) 1.02(83) 1.03(152) 1.02(182)
Ackton
Hall
(CRC 502)
53-63 950 1080
(max)
14.0 1.12(75) 1.08(88) 1.09(159) 1.07(190)
* Values for Rawdon . - 0.03
Values for Ackton Hall i 0.04
Further experiments were performed with the same bituminous coals in 
both air and nitrogen, using the standard 225 nis transit time, but at 
temperatures below those at which a stable flame was formed. Commencing 
at 300°C samples were taken at 50°C intervals up to approximately 650°C. 
Finally Rawdon alone was treated for about one second in air over the same 
temperature range, in an attempt to assess the influence of treatment time 
on swelling.
In both cases treated in air at these lower temperatures, a maximum 
of swelling was recorded at approximately 525°C followed by contraction at 
575°C before ignition. The cycle was best illustrated in the longer 
treatments (Figure 11).
In nitrogen, a fairly uniform expansion with temperature was 
recorded up to the maximum temperature of the test, approximately 650°C.
Within each sample of untreated and treated coal, the diameter of the 
individual particles could differ widely from the mean. A spread was
imposed by the sieve range itself, but in addition, in the treated coals, 
the, size spectrum observed could be attributed to the influence of the 
various lithotypes, a point which has been made by other workers (21,37). 
For example, in the case of the Rawdon 53-63 pm fraction treated in air at 
950°C, at the flame front the swelling ratio was 1.09 corresponding to mean 
equivalent sphere diameter (E.S.D.) of 67 pm whilst for the smallest and 
largest particles measured the E.S.D. !s were 41 pm and 107 pm.' For the 
corresponding untreated coal, the average E.S.D. was 61 pm and the E.S.D. !s 
of the smallest and largest particles were 39 pm and 83 pm.
Untreated particles were graded in sieve size ranges of a fourth- 
root-two increasing progression (B.S. 410*1962) and a similar relationship 
found to exist between the standard deviation and the sample mean expressed 
on an E.S.D. basis gave some confidence in the method of counting and 
presentation of results. For the treated particles, this relationship was 
found to exist only for the "low-swelling" coals. In the case of the 
"high-swelling11 coals, not only was the swelling more pronounced but for a 
given mean diameter the standard deviation was greater (Fig. 12).
The techniques used for the statistical evaluation of particle 
swelling are described more fully in Appendix 10.
6.2.5 Apparent and Bulk Density
Changes were measured in apparent and bulk densities of two coals 
heated in air and nitrogen!
(i) for durations of approximately one second in air at temperatures 
between 350°C and approximately 650°C (ignition temperature) (Rawdon coal, 
CRC 902, sieve size 105-124 pm)..
(ii) between the same temperatures but for 225 ms in air (Rawdon, sieve 
size 53-63 pm) and nitrogen (Rawdon and Ackton Hall, CRC 502 , sieve size 
53-63 pn).
Below flame temperatures, the most consistent results were obtained 
from the longer treatments (Fig. 11). In air, roughly coincident with the 
beginning of the swelling peak of Rawdon coal, there was a rapid decrease
in apparent density from 1.29 g ml"^ * (near that of the original coal) to
"1 0 0 0.9 g nil" over the temperature range 400 to 490 C. Based on these
densities and assuming the composition of the char at 490°C was the same
as that of the coal (mass loss only about 5$) the calculated swelling ratio
was 1.12. The measured value at the same temperature ,was 1.13. Above 490°C,
-1the apparent density then rose with temperature to about 1.60 g ml just
before ignition. . V
In nitrogen, corresponding td the generally uniform expansion, there
was a decrease in apparent density.- At the standard test temperature
(see Section 6.2.4) the apparent density was 1.07 g ml" • Using this value
-1and the density of the pulverised coal, 1,24 g ml > the swelling ratio was 
calculated to be 1.05* That measured was 1.16.
In the case of the Ackton Hall coal treated in nitrogen, the apparent
-1 -1density fell steadily from 1.37 g ml to a value of 1.0f. g ml for the char
at the standard temperature of the test. This corresponded to a theoretical
swelling ratio of 1.09. The actual value measured was 1.57*
Bulk density determinations were performed on samples of Ackton Hall
coal, sieve size 53-63 pm, treated in the tube furnace at flame temperatures
(maximum 1080°C) for durations of between 74 ms and 350 ms.
The particles swelled rapidly at the flame front and the bulk density
-1decreased to 0.33 g ml which was about 47 per cent of that of the coal
(Table 10). The measured volumetric increase of the particles themselves was
40 per cent (based on a swelling ratio of 1.12, Table 9) and the mass loss 
was 4 per cent.
With increasing loss of volatiles along the flame, the bulk density
* Densities are quoted in the units most commonly employed!
1 g ml"^= 1 x 10? kg m"^.
-1again fell steadily reaching a minimum value of 0.28 g ml towards the
end of the devolatilisation period, approximately 150 ms after injection.
After 190 ms, the particle volumes had decreased by 18 per cent of their
values at the flame front and they had lost a further 28 per cent of their
mass. Assuming that no particles had disappeared and that the packing
fraction was constant, this gave a calculated decrease in bulk density of
16 per cent of the value at the flame front. The measured value was 
-1
0.29 g ml which represented a decrease of 12 per cent.
With increasing weight loss, the bulk density rose and the 
microscopical examinations showed the presence of increased fragmentation 
and the formation of discrete ash particles and ashy agglomerates both 
contributing to a smaller bulk volume. Decreasing numbers of particles of 
the balloon type and its intermediates were seen and measurements of the 
swelling ratio of individual particles were not meaningful at this stage.
TABLE 10
VARIATION IN BULK DENSITY' ALONG THE AXIS OF A PULVERISED
COAL FLAME: ACKTON HALL 55-65 ym
(Trial 3* Section 6.2.7)
Sampling
Position
Milliseconds 
after' 
Injection
# Swelling 
■ Ratio'
Particle 
Weight Loss,$
Bulk Density 
g ml"'
1 (Within flame
0 1.00 0
*
0.70
front) 75 . 1.12 4 0.33
2 88 1.08 5.5 0.32
3 139 1.09 14 0.28
4 190 .•■1.07 32 0.29
5 351 57 0.34
-1* Apparent Density of Pulverised Coal : 1.37 g ml
6.2.6 Surface Area
Samples of pulverised coal feed and char solids were taken during
two series of trials (see Section 6.2.7) to investigate the progressive
changes that occur in specific surface during combustion. Other solids'
were taken from the tube furnace when the feed coal was a sized sample,
24-105 pn, of a series of pure lithotypes. In the latter case, the tube
wall and combustion air temperature was kept at7 800°C and the treatment
time was standardised at 150 ms (see also Section 6,2.2). The object was
to study the variation in specific surface which might occur in char types
resulting from their different origins. The treatment time chosen ensured
full development of the char types without excessive fragmentation occurring.
In the case of the Rawdon coal trial, there was no marked change in
2 -1 *specific surface from about 140 m g for the untreated p.f., through the
flame front and the initial stages of devolatilisation. During the later
stages of devolatilisation and early residue combustion, however, the
specific surface fell rapidly to approximately one third of its original 
2 —1value (43 m g~ ) at 180 ms and thereafter continued to decrease steadily 
2 —1reaching 13 m g~ at the end of the furnace (Table 11).
In the Ackton Hall trial, the value for the specific surface of
the char at the flame front was nearly double that of the original coal,
2 - 1  2 - 1  being 86 m g compared with the original value of 45 m g . At the end
of devolatilisation and onwards through residue combustion and fragmentation,
the specific surface decreased steadily and the values became comparable to
those of the Rawdon chars.
The low figures obtained at the end of the furnace implied that coal
ash itself had a comparatively small specific surface and its contribution
except as a diluent could largely be ignored in assessing the surface area
of the combustible part of the char. It was instructive, therefore, to
* Surface areas are quoted in the units most commonly employed?
1 m2 g s  1 x io5 m2 kg“1
convert the values obtained for the specific surfaces of the flame solids 
to an ash-free basis (Fig. 13 and Table 11).
TABLE 11
VARIATION IN SPECIFIC SURFACE DURING COMBUSTION 
(Values as g
Sample
RAWDON'TRIAL (2) ACKTON HALL TRIAL (3)
"As
sampled"
Ash-free
basis
"As
sampled"
Ash-free
basis
Untreated, 53-63 pi 138 157 45 : 57
Pos. I(approx.75ms treatment) 127 147 86 111
Pos.11(approx.85ms treatment) ,129 153 96 125
Pos.Ill(approx.130ms treatment) 101 121 66 . 88.5
(End of Levolatilisation, approx.
150 ms)
Pos. IV(approx.180ms treatment) 43 55 50 73
Pos• V(approx•340ms treatment) 1? . 25 2 4
In Table 11,two points are particularly noteworthy and support the 
previous observations:
(i)‘ untreated particles of the low rank, low swelling coal and chars of 
the same coal, up to the end of the devolatilisation period, have higher 
specific surfaces than similar particles of the medium rank, higher swelling 
coal. In both coals, the measured values for surface area are considerably 
greater than the calculated values of the external (equivalent-sphere) surface 
area of the particles. In 53-63 f11 samples^the latter are approximately
n i 2 -10.1 m g .
(ii) the specific surfaces of the chars fall progressively as combustion 
proceeds.
Table 12 summarises the data obtained in specific surface 
measurements of samples of both untreated and heat treated lithotypes.
As before, samples of ’ "low-swelling1*, low rank coal and "high-swelling", 
medium rank coal were chosen for comparison and wherever possible, values
are quoted on both an ’’as-sampled" and an ash-free basis. 
■ TABLE 12.
SPECIFIC SURFACES OF SELECTED LITHOTYPES AND LITHOTYPE CHARS
■ " '2 ' • —1 1 1 1 i i
(Values as m g )
Lithotypes
‘ UNTREATED TREATED
"As sampled" Ash-free "As sampled" Ash-free
Nailstone Vitrain (CRC 902) 123
Clarain ( " Y - ■ - 159 -
Fusain ( ” ) 57 • .73 30 —
Maltby Vitrain (CRC 502) 90 , 91 93 9 6
Clarain ( " ) . 102 104 107 113
Durain (CRC 702) .84 .91 30 36
Even with the limited number of results available it may be seen that:
(i) the values for the low rank chars are consistently higher than those 
for the medium rank chars •
(ii) the specific surfaces of the clarain component are greater than those 
of the vitrain which in turn are greater than durain. From a comparison of 
the untreated coals alone it may also be inferred that durain has a greater 
specific surface than fusain.
6.2.7 Combustion Trials
Three trials were conducted in which measurements were made serving 
as a standard against which the mathematical model was assessed.
In the experiments, dilute suspensions of size graded 53-63 F 11 or 
63-75 pa particles (representative of the p.f. size range) were treated in the 
tube furnace under laminar flow conditions and at as low a temperature as 
possible consistent with a stable flame. In the presence of a large excess 
of air, it was thought that the suspensions would approach the condition; of a 
collection of single particles whose combustion processes would be largely
uninfluenced by one another. At low temperatures, the overall reaction 
rate was more likely to be chemically controlled and the influence of 
diffusion at a minimum. This was an important consideration since 
information was sought particularly on the extent of residue surface 
participating in the combustion reactions. .
The ignition temperature of the p.f. suspensions in the furnace was 
about 650°C and in the first trial, conducted at 700°Cj the flame tended to 
be slightly unstable. It was decided, therefore, to run the subsequent trials 
with the wall/gas temperature at 950°C, the maximum permissible temperature 
for the heating elements of the furnace.
Two coals were chosen as representing extremes in swelling performance 
and, therefore, possibly of maximum difference in their areas of'reacting 
surface. It was originally intended to run each trial in duplicate but in 
the time available only two trials could be completed, one using the low 
swelling, low rank Rawdon coal and the other the nominally high swelling, 
medium rank Ackton Hall coal. However, the uniform nature of the feed coal, 
the close control over the experimental conditions and the random nature of 
the sampling process (Appendix 7) to some extent obviated the need for 
repeats.
Tables 13 and 14 list data applicable to the operating conditions 
and the composition of the feed coals whilst Table 15 presents results for 
the, three trials. Experimental techniques are referred to in greater detail 
in Appendix 7« It may be noted that in addition to the chemical analysis, 
the flame solids were examined microscopically (Sections 6.2.2 and 6.2.3) 
and determinations made of their swelling ratios (Section 6.2.4), bulk 
densities (Section 6.2.5) and surface areas (Section 6.2.6). In Rawdon 
Trial 2, size analyses were performed using a Coulter counter. Results of 
the latter are presented in Fig. 14 and discussed in Section 8.8.1*
TABLE 13
TRIALS: OPERATIONAL CONDITIONS
Combustion Conditions
r
Trial 1
Rawdon CRG902 
63-75 pm
■ Trial.2
Rawdon CRC902 
53-63 pm
Trial 3
Ackton Hall CRC502 
53-63 pm
Secondary air temperature
V o ) ’ °C(°K)
Coal feed rate, kg s
3 -1Primary air flow, m s 
(at N.T.P.) , ^  
Secondary air flow,m s 
(at N.T.P.)
Tube wall temperature, Ty 
(Couples 1 -6)
°C,(°K)
670 (943)
4.93 x.10"5 • 
1.33 x :1Cf5 
6.60 x 10“4
670 - 720 
.(943 - 993) 
av.700(973)
917 (1190)
4.41 x 10-5
2.30 x 10“5
5.00 x 10“4
930 - 970 . 
,(1203 - 1243) 
av.950(1223;
917 (1190) 
4.46 x 10"5
1.66 x IO" 5
5.00 x 10"4
930 - 970 
(1203 - 1243) 
av.950(1223)
. TABLE 14 
TRIALS : COAL DEPENDENT DATA
Quantity, Symbol, Units. Rawdon
63 - 75 pm
Rawdon 
53 - 63 pm
Ackton Hall 
53 - 63 pm
Maximum Volatile Evolution * *
Rate, B,s" ' 7.1 10 7.25
Fraction by Mass of Ash, C^ 0.1094 0.1221 0.2115
11 " Residue Carbon, C ^ 0.4790 0.4821 0.4495
" n Volatile Carbon, C ^  ^ 0.1860 0.1819 0.1955
" 11 Hydrogen, C™.u2. 0.0411 0.0415 0.0384 .
Cm
" " Moisture, C^ nMpU 0.0539 0.0223 0.0266
" " Nitrogen, C^
2
0.0150 0.0150 0.0150
" "Oxygen, Cn O.II56 0.1351 0.0635
2
Initial Particle Diameter, d,m . + 76 x 10“6 61 x IO”6 69 X 10
3 -1Volume of Air per Unit,V„/ \,nrkg 13 • 66 11.86 11.58
Mass Coal J*-. ."V '"1 1 *' " W--"n ■ 1 ,Footnotes:
<f> Derived by subtracting the fixed carbon 
content (proximate analysis), from the 
total .carbon content (ultimate analysis)
+ Mean equivalent sphere diameter obtained by 
microscopical counting.
TABLE 15
TRIALS: EXPERIMENTAL DATA
TRIAL 1
RAWDON COAL, CRC 902, 65-75 ym.
TIME PROM 
PARTICLE 
INJECTION,s
TEMPERATURE,
°K
AXIAL 
VELOCITY 
(CALCULATED) 
m/ s °2'f
FLAME SOLIDS ANALYSIS 
DRY BASIS
BURNOUT
1oC' H 0,etc. ASH
0.055 1057 2.57 20.2
0.072 1065 2.58 • 19.8 71.4 3.8 14.2 10.6 0
0.085 2.54 75.7 3.1 8.9 12.5 8
0.115 1122 2.45 17.7
0.156 2.45 73.9 1.1 7.3 17.7 40
0.154 1158 2.45 15.7
0.188 2.45 73.2 1.8 5.7 19.3 46
0.278 1120 2.45 14.5
0.543 2.42 67.4 0.9 5.4 26.5 64
0.404 2.58
TRIAL 2
RAWDON COAL, CRC 902, 55-65 ipm
AXIAL FLAT® SOLIDS ANALYSIS.
time; FROM TEIvrPERATURE VELOCITY DRY BASIS
PARTICLE (CALCULATED) 0 0 BURNOUT
INJECTION,s °K . m/s C H 0,etc. ASH 1o
0.052 1440,1430^ 2.65 17.8.'
0.062 1530 ,151Od 2.73
0.072 1430d 2.67 17.2 81.0 0.8 4.4 13.8 11
0.080 1370
0.085
1440a,1580d
2.64 • 78.7 1.2 4.2 15.9 25
0.110 2.60 17-7
16.5
0.152 2.57 81.0 0.9 1.8 16.-5 27
0.149 1440 2.56 14.7
0.182 2.50 76.9 0.6 1.1 21.4 58
0.275 1340 2.37 14.2'
12.6
12.4
0.540 2.32 50.6 0.2 0.3 48.9 85
d = Disappearing Filament Pyrometer
TABLE 15 (CONT.) 
TRIAL 5
ACKTON HALL COAL, CRC 502, 55-65 pi
TIME EROM 
PARTICLE 
INJECTION,s•
TEMPERATURE
bK
AXIAL 
VELOCITY 
(CALCULATED) 
. m/s
0 2,/o
FLAME SOLIDS ANALYSIS 
DRY BASIS BURNOUT
1°
C H 0,etc. ASH
0.054 1335 2.47 20.0
0.075 1333 • 2.47 16.7 68.6 1.2 7.6 22.6 5
0.088 2.47 69.4 1.6 6.0 23.0 7
0.116 1329 2.46 17.7
16.4
0.139 2.48 69.2 0.9 4.5 25.4 18
0.157 1353 2.51 1.3.8.
0.190 2.46 64*8 0.6 2.8 31.8 41
0.282 1258 2.34 14.3
11.2
0.351 2.31 48.8 0.2 - 50.0 73
0.414 2.28 10,2
.3 LARGE FLAMES
Four different coals were burnt in the superheater rig during a 
series of corrosion trials (Table 2, p.58). In these trials, the combustion 
conditions were similar, except that in Trial 3 the particle burnout at 
the end of the chamber was only about 70 per cent completed: compared with 
approximately 90 per cent for the other trials. A zone of recirculation 
occurred about port level 4* ‘the gases passing counter current to the main 
jet. The recirculation zone was generally characterized by a higher degree 
of particle combustion and greater carbon dioxide percentage than was found 
at comparable levels in the main jet (Fig. 15).
Examination of the solids extracted from the flames showed that the 
bulk of the particles formed hollow spheres before the first port level.
In trials 3 and 4, however, some unbumt coal particles were observed down 
to the second port level, but with one exception, no intermediate stages were 
observed in the formation of the hollow spheres.
In all trials four main types of char were observed (as in the
laboratory furnace): the solid types, often with sandwiches of ash
(Plates 31 »32); the lacy spheres; the balloons and the thick walled
C-shaped spheres (Plates 33*34*35)•
Along the flames, the bulk of the carbon wastage appeared to have 
taken place around the mouths of the pores and surface irregularities 
(Plate 36) and in the case of the lacy spheres and thick-walled spheres, 
erosion of the pore walls was often apparent to a considerable depth into 
the particles (internal combustion) (Plates 37*38,39)• Large pores or 
surface holes were a feature of the bulk of the chars observed (Plates 40>41) 
These could be as large as 20 pm diameter in a 100 pm diameter particle.
At the end of the chamber, the samples were composed of ash particles,
broken fragments of spheres and eroded particles of all types with the 
thick-walled spheres and lacy particles predominating. Both solid particles 
and balloon spheres amounted to only a few per cent of all the particles 
examined. In the zone of recirculation, combustible fragments, lacy 
spheres and small ash particles predominated. The inference is that only 
the lightest, smallest particles were carried upwards in the chamber 
(Hates 42,43).
In the electron microscope examinations, the ash was observed as 
flakes or spheres adhering to the char or as separate particles of mineral 
matter, sometimes (especially at the beginning of the flames) irregularly 
shaped, but more often rounded and up to 150 pm in diameter. Often the 
composite nature of the ash,was revealed in cross section by the presence of 
"rings” (Plates 44>45 and Section 8.3). Ash agglomerates were also frequently 
seen, in which the identity of the individual particles comprising the mass 
had largely been preserved. Coal particle agglomerates, on the other hand, 
were rare,although single very large pieces existed whose internal structures 
suggested that they had been formed from smaller particles which had fused 
together (Plate 46).
In samples from Trials 2 and 3 curious collections of particles were 
observed. These took the form of spheres enclosing particles of both ash and 
combustible matter alike,and were conveniently called "filled spheres". The 
enclosure walls were often very thin - walls 0.25 pm were seen - but obviously 
strong (Plate 47)*
In the power station boilers, particles ranged from raw coal through 
chars in various stages of burnout,to ash. Together with "solid" particles , 
the usual three types of hollow spheres existed and the size range of the 
particles was wide. Occasionally some very large spheres with diameters up 
to 250 pm were observed. These gave no indication of having been formed from
smaller particles and their presence may have been an indication of.poor 
mill classification.
In general, the combustion conditions in these large boilers were too 
complex for detailed analysis. Undoubtedly the most complicating factor 
was the aerodynamics of the system which introduced recirculated particles.
In one sample collected at burner level, for example, there were raw coal 
particles, partially burnt chars, chars in an advanced stage of combustion, 
fragments of carbon and ash particles,all existing together. "Filled spheres" 
were also observed. (Plate 48)»
7.0 THE'MATHEMATICAL MODEL
.1 GENERAL DESCRIPTION
It is assumed that the combustion of a single coal particle takes 
place in an environment in which the air for combustion and the confining 
walls of the enclosure are at approximately the same temperature.
The particle, at, room temperature, is swept into the furnace and 
receives heat by conduction from the hot gas and radiation from the 
walls until its temperature is raised to the point at which volatiles 
start to evolve.
The volatiles evolve at a rate determined by their total heat of 
evaporation and the heat available from the. environment, but not exceeding 
a maximum evolution rate. When this maximum is reached, surplus heat 
absorbed by the particle is available for raising its temperature. The 
particle swells and forms a hollow sphere with large holes in its surface.
The composition of the volatiles is invariant during the 
devolatilisation phase and on evolution the volatiles mix with the gas 
stream and bum instantaneously and completely. Access of oxygen to the 
particle surface is limited at this stage and combustion of the char residue 
does not take place until volatile evaporation has ceased. During the 
subsequent period of residue oxidation,heat is assumed to be either 
liberated directly on the particle surface with the immediate formation of 
carbon dioxide, or liberated partly on the. surface, with the formation of 
carbon monoxide, and partly at a distance from the particle with the 
subsequent oxidation of the monoxide to carbon dioxide.
The rate of combustion is governed in part by the diffusion of 
oxygen to the surface of the char (physical control), and is a function
of particle diameter, and partly by the sequence of stages whereby oxygen 
combines with the carbon surface and the products of combustion diffuse 
away (chemical control).
Particle diameter is assumed to be expressible as a linear function 
of volatile burnout and area of reacting surface is considered to be capable 
of free manipulation as a function of residue burnout in order to achieve 
agreement with the experimental results. (The terms "swelling coefficient" 
and "surface factor" in the model refer to these variables)#
#2 EQUATIONS 
7*2.1 Particle Temperature
Basically the particle temperature is derived from the heat balance 
between the particle and its environment, the component parts of which are 
the following:
(i) Conduction from the gas:
OpC = JJd* N u ^ ( T G - T p) / ^ f  d3 ........  (i)
The following assumptions are made:
(a) the particle has zero relative velocity with respect to
the gas and the Nusselt,Number takes the value 2. (1,P*134i
97.P.761).
(b) the particle temperature is uniform.,
(c) the temperature appropriate to the value for thermal 
conductivity is taken to be that of the gas in the mainstream.
(ii) Radiation from the tube wall:
\ R = O ' S p w ^ s  ( ^ 4 - V ) / t ? d3    (U)
The emissivity S is treated as an empirical function and is pw
discussed in Section 7*3*4* Radiant exchange between the particle and 
gas is considered to be negligible compared with particle-wall radiation.
(iii) Heat liberated on or close to the particle surface due to solid 
particle combustion:
It is assumed that the reactions of both carbon.dioxide and water 
vapour with carbon are sufficiently small to be ignored compared with the 
reaction with oxygen. It is further assumed that oxygen reacts first with 
the carbon surface to form carbon monoxide, which, on diffusing away, is 
subsequently oxidised to carbon dioxide (l,p.189; 4*p.87)*
C + i Og — ^co + 1.175 x 108 J kg"1 (=9*80 x 106 J kg"1 carbon)
CO + j- Og COg + 2.790 x 108 J kg"1 (=2.35 x 10^ J kg"1 carbon)
C + 02 — *- C02 + 3.970 x 108 J kg"1 (=3.31 x 107 J kg"1 carbon)
Using the method outlined by Field et al, (l,p.203) it was calculated 
that for a 50 |rn particle at 1000°C, a. mainstream water vapour concentration 
of up to 0.05 at. and an oxygen concentration between 0.21 and 0.10 at. 
(corresponding roughly to the initial and terminal conditions in the chamber), 
less than 6% carbon monoxide was burnt within a distance of two diameters 
from the particle (Fig. 16). Hence for the, purpose of the model, it is 
assumed that the heat liberated in the formation of carbon monoxide goes 
into the particle only, and the heat generated in the subsequent oxidation 
to carbon dioxide goes into the gas to raise its temperature.
> b - K * < p p o2 V c / Tc ?  d; .........
Derivation of the overall reaction rate.coefficient, K, is considered 
further in Section 7*2.4* The reaction between carbon and oxygen is assumed 
to be first order ( l ,p.345> 97»P*758).
The total rate of heat intake to the particle is then:
np * ^PC + QPR + QPB    (iv)
< The fractional particle mass, m^, is given by:
mp = ca + (1 ■ V .  °ce + (1 ~ V  (°b2 + tv + co2 + cn2)
. . . » . • • • . «  ( v)
The rate of change of particle temperature is then derived from:
<L (m Cpc V  = HP -  %  TP (- f t - V  - hvl ft ■■■ 
dt / . \..««..«««* \ vi)
clMaking the assumption, Cp^ = 0, then:
mp CpC dt TP = ^  - hvl It ^  ......... (vii)
h representing the total heat of evaporation of the volatiles 
component, is discussed further in Section 7*2*4* The variation of Cp^ with 
burnout is described as a linear function (Section 7*3*2).
7*2.2 Gas Temperature
The gas temperature is derived from the change in enthalpy of the 
gas. The heat sources are as follows:
(i) Conduction from the particle:
S* - *4 ^ TS (*P - tg/X Z d?........... .... (i)
The assumptions made previously for the particle conduction terras 
are upheld (Section 7*2.1 (i))*
(ii) Heat liberated in the gas due to the oxidation of carbon monoxide:
«GB = KJlds P F 02 P G hc / X ? d3 ....... (ii)
See also Section 7*2.1 (iii)*
(iii) Volatiles burning in the gas stream:
The average calorific value of the volatiles component was derived 
experimentally using the bomb method: the difference being determined between
the calorific value of the feed coal and that of the devolatilised char, 
referred to unit coal weight. Ash content was used as a tracer. The single 
particle studies showed that spurts of volatiles could be ejected into the 
gas stream at distances of up to. 500 diameters from the particle and would 
then mix rapidly with the gas. This lead to the assumption that the volatiles 
bum wholly in the gas stream.
The contribution of the soot (minimised by the large excess air 
value in the trials) is ignored, as is the radiative heat loss from the gas, 
in view of the small tube diameter ^involved.
The total rate of heat intake by the gas is then given by:
1 HG ** QGC + QGB + SlV "   (iv)
The rate of change of gas temperature is derived from:
dt ( ^ G VG CpG TG^  ■“ HG + CpG TG dt ^ T g VG^  , ..... (v)
cli Making the assumption that —  Cp^ = 0 then:
P g VG CpG dt TG “ HG .    (vi)
The variation of Cp^ with temperature is described as a linear 
function (Section 7.5*1)*
7.2.5 Gas Composition
i •
At any given time, the gas composition is calculated using 
Avogadro's hypothesis.
(i) The volume of carbon dioxide associated with unit mass of coal is 
given by:
It is assumed that complete conversion of carbon monoxide to 
carbon dioxide occurs during oxidation. .
(ii) The volume of water vapour, is derived:
VM \  ' ■ '
\ o  ’  a ^ X  h  + 2 Mg + mq ch20 .  (li)
At the comparatively low temperatures of the test, dissociation 
of water vapour is negligible.
(iii) For nitrogen:
X  = V o )  \ ( 0) +2 CN2 V  . .......... (iii)
(iv) The oxygen balance gives:
(iv)
V02 “ VG(0) P02(0) + 2 MQ C02 V  ” ^  2 Mg. CH2
C^CR *R + C0V V
The total gas volume is given by the sum of the constituent 
volumes:
VG = VC02 + VH20 + V  + V02 ......... (v)
The individual fractions by volume are given by:
V  = vo A eto*  (v i)2 2
7*2.4 Devolatilisation and Residue Combustion
(i) Devolatilisation
The assumption is made that the evolution of volatiles does not take 
place below 600°K* Above 600°K, the rate of devolatilisation is determined 
by the total heat of evaporation of volatiles and the heat available from 
the environment. A maximum rate of evolution, B, is permitted, surplus 
heat, over and above the maximum requirement, raising the particle . 
temperature.
Mathematically, these conditions are fulfilled:
Xy = 0 j Tp Ty or Xy « 1 • 0
>• T p > ® v  ^  Xy <Ci .O and H p ^ B h ^
ft *7 “ B ’ V > TV 31111 XT <^ 1*°. HP > Bhvl    (i)
The value for B is determined empirically, as outlined in 7•5•1•
(ii) Residue Combustion
For the purpose of the model, it is assumed that combustion of the 
char residue does not take place before devolatilisation is complete. The 
combustion of the char residue involves a sequence of steps: oxygen must
be transported to the particle surface and combine with the char material,
and the reaction products must be removed. The supply and removal of the 
reactant gases through the particle boundary layer is controlled by the 
process of molecular diffusionj the rate at-which the reaction can proceed 
is governed by the processes of chemisorption and desorption.
The chemical reaction rate coefficient of the carbon-oxygen reaction 
is given by:
KCH - 0 ! XV ^ 1-0
KCH = ^ exp ! *7 = 1 *°   (ii)
The proof of internal combustion was established in both the 
laboratory and field studies. Most char particles were hollow and many 
had large holes in their walls enabling reactant gases to diffuse into the 
particles* For simplicity in the calculations, the whole of the reacting 
surface, whether external or internal, is treated in a similar manner. For 
a particle of given diameter, the surface factor, ^  , is defined as the area 
of reacting surface divided by the, external (equivalent-sphere) surface area of 
the particle (the latter being the basis for the reaction rate terms).
The diffusion reaction rate coefficient is given by:
= j R 2~ 2   .. (iii)
and the diffusion coefficient by (l,p.348)?
j. j, 1-75
DC “ “o \  P / ^ I0 j   (iv)
For convenience, the binary diffusion coefficient ofioxygen with 
nitrogen only is considered.
The overall reaction rate coefficient is a function of the combined 
chemical and physical reaction rate coefficients:
1 KCHK =
K^-x
1/Kch + 1/Kjrg Kch + Kpg. ^ .....  ^
It may be noted that when one of the terms is much smaller than the
other, the overall reaction rate coefficient is dominated by that. term.
The residue burnout is given by:
It CCB ^  = K/l ds P P 02 /  T c ? d3 . ... (vi)
and the total particle burnout, (the sum of volatile and residue combustion) 
by:
CCR ^ R + (°CV + CH2 + C0^  . .
ccr + cw  + V  + V + V  , ...
2 2 2 ••...••••• (vn;
*(NOTE: For the volatiles, Cn includes C„ and errors).
2 2
,3 EMPIRICAL FUNCTIONS
7.3.1 Variation in Specific Heat of Gas with Temperature
At constant pressure, the specific heat of gases varies both with 
temperature and composition. For a given temperature and mixture, the value 
may be calculated by summing the' products. of the specific heat values of the
individual constituents and their proportions by weight of the gaseous 
mixture (98). .
The specific heat function is' described as a temperature 
dependent variable;
CpQ = 0.2289 Tg + 0.9192 x 1 0 5 .   (i)
The assumption is made that, the virtual excess air varies from 
infinity when the air temperature is 300°C (corresponding to the 
pre-ignition condition) to about 100 per cent at a temperature of 1200°C, 
which is approximately the calculated value for complete combustion with the 
air and coal feed rates involved.
7«3*2 Variation in the Specific Heat of Pulverised Coal and Char
with Burnout
A review by Kirov (99) gives values for the variation of actual 
specific heat with temperature for coals of- different volatile matter 
content on a d.a.f. basis. TJsing this data, the measured values for 
volatile matter and fixed carbon content of the solids, and the temperatures 
obtained at the various sampling positions along the, tube, the specific 
heats were calculated and expressed as a function of burnout.
Cpc = 1.214 x 105 + 0.2093 x 105 Xy - 0.5442 x 105 X^ ......... (ii)
The actual specific heat of ash was assumed to vary linearly between 
8.790 x 10^ J kg"^ °K""^  at 650°C to 1.041 x 10^ J kg~^ °K~^ at a temperature 
of 1200°C, approximately the maximum temperature recorded.
7.3.3 Variation in the Thermal Conductivity of the Gas
with Temperature
The literature is deficient on experimentally determined values of 
the,thermal conductivity of coal combustion products. Attempts to calculate 
values have been made (98) however, for excess air values between 0 and 100 
per cent. Experimental data exist for the thermal conductivity of air (100).
In deriving the function below, it. was assumed that the virtual 
excess air varied from infinity when the air temperature was J00OC, to 
100 per cent for a gas temperature of 1200°C (see also specific heat of
gas, 7.3.1).
= 6.739 x 10~5 Tg + 6.446 x 10~3 (iii)
7*3*4 Variation of Emissivity with Particle Burnout
The original laboratory work showed that typical raw coal particles
have a relatively low emissivity which lies between 0.4 and 0.6. (Later
work showed that this value is likely to be nearer unity). .^ Hiring
devolatilisation and combustion the emissivity rises to between 0.8 and 1.0 
! ' . . 
and stays at this value until an advanced stage of burnout, approximately
80 per cent, when with the formation of ash, the emissivity falls to 0.6
and lower.
Making the assumption that 20 per cent of the volatile combustion
is completed before the emissivity reaches its maximum value and that the
combustion of the residue is 80 per cent completed before the emissivity
falls, the function g is given as:* pw 0
7.3*5 Variation in Particle Swelling with Burnout
The swelling of coal particles during combustion is described
i 1
by a linear function with volatile evolution as the independent variable.
(iv)
(v)
For the square, the following approximation is used
This affects only equation 7*2.1 (ii) and is correct when X^ . = 1.
Other terms containing d^ also contain K, which is zero when Xy<C 1.
4 ANALOGUE COMPUTATION *
Computation was undertaken, using a two console PACE 231-R computer.
An analogue computer was especially useful in the. present context since 
continuous integration with respect to time could be achieved and the 
effect of changing selected variables could be readily demonstrated.
Thus expressions for swelling and surface factor could be determined to 
give the best agreement with experimental results.
The computational procedures were straightforward except for- the 
generation of the overall reaction rate term. The chief difficulties here 
were in the simulation of the exponential in. the chemical reaction rate term 
over a large range of temperatures, and the representation of the surface 
factor^. The latter had'to be dependent on burnout, easily variable 
and able to have a range of shapes and values ranging from the fractional 
to over one thousand. (The latter represented the assumed maximum for 
total surface area of 1000 m /g.).
Firstly, a quantitywas defined such that: 
f L - l o g ^  and f L <  10
Then by algebraic manipulation of equations 7*2.4 (ii) - M  \ 
the equation for the overall reaction rate was written:
where:
z = Dc Kc f /  s ■
Thus the problem of a wide range for ^  resolved itself into the 
existing problem of exponential function generation. was then
* Mr. M.M. Baum, C.E.G.B., Computer Dept., Park Street, London, S.E.1. 
was responsible for programming and operating the Analogue Computer.
expressed as the sum of easily generated analytic functions of burnout viz:
The practical difficulties .involved in programming the analogue 
computer are discussed more fully in reference 89.
.5 RESULTS
The main objectives in running the analogue computer program were to
7*5*1 Maximum Volatile Evolution Rate
To complete the input data for the model, the maximum evolution 
rate, B, of ,the volatiles was determined by trial and error, matching the 
output of the computer against the experimental results. Depending on coal 
type and temperature level, B was found to possess a best value between 
7 and 10 sec” • (See also Sections 7*5*6 and 10.3).
7*5*2 Partition of Heat
Of the total heat available in residue carbon consumption, 
approximately one third is liberated in the primary oxidation to carbon 
monoxide, the other two thirds being liberated in the secondary oxidation
% — a + a. X + a,o I 4.gX4 + a3; j~1 - (1 - X)4 '
where the a^ . cari be positive, negative or zero (it may be noted that a 
non-zero value of aQ was equivalent to a change in the datum value
(i) compare the predictions of the mathematical model with the
experimentally-derived values for particle burnout, temperature
and oxygen concentration in the vertical tube furnace.
(ii.) investigate the influence of particle diameter and surface area
on the course of residue combustion.
(iii) examine the effect of varying particle emissivity.
(iv) observe the consequences * of changing the proportions of heat
liberated in the combustion of the char residue between the
of the monoxide to carbon dioxide.- While it is normally assumed that all 
the heat generated in the secondary oxidation goes into the gas, it was 
instructive to examine the effect on temperature and total burning time 
when these proportions were varied.
With input conditions otherwise.constant and using Rawdon, 53-63 p* 
at a wall temperature of 1223°K the effects of varying the terms pG and pp 
are illustrated in Table 16.
TABLE 16 
Influence of pG and pp
»
Fraction, pG and pp Total Burning 
Time, s. •
Tg Maximum 
■ °K
Tp Maximum 
°K
(i) pG = 0 pp =  1.0 0.26 1670 1670
(ii) p£ = 0.260 pp =  0.740 0.48 . 1640 1610
(iii) P G  =  0.500 P p  *  0.500 y  0.70 1640 1590
(iv) pG = 0.704 pp =  O .296 y o . i o 1640 1580
7*5*3 Particle Emissivity
Through the term for radiative heat exchange with its surroundings, 
the effect of changing particle emissivity can influence particle 
temperature directly, and indirectly particle burnout, oxygen concentration 
and gas temperature. The assumption is frequently made that particle 
emissivity approximates to unity i.e; the particle acts as a black-body 
radiator during combustion. The laboratory experiments indicated, however, 
that while this is a valid assumption for coal particles and for char particles 
during the initial stages of devolatilisation, it is invalid throughout the 
subsequent stages of combustion. Particularly during fragmentation and 
ash formation emissivity decreases: Values for S. = 0.6 are common.
The effect of varying the particle emissivity is illustrated in 
Table 17 and Figure 17*
• TABLE 17
The Effect of Varying Particle Emissivity
Value of Emissivity Tp Maximum, °K
Equation 7*3*4.(iv) 
1.0
At 0.17 secs, 1500°K 
At 0.38 secs, 1600°K
r At 0.18 secs, 1490°K 
At 0.59 secs, 1?60oK
7.5,4 Swelling Coefficient :
Changes in particle size as they affect heat transfer, were 
investigated for a limited number of swelling coefficients for both the 
Rawdon and Ackton Hall coals. The coals represented extremes in swelling 
performance as measured by the standard method (B.S.1016 : Part 2 : 1959)» 
although the work on swelling showed that for Rawdon coal (low-swelling) 
the average diameter of the heat treated char was only 1.04 times the 
value for the untreated coal, whilst for Ackton Hall (high swelling) the 
value was 1.10. However, it was known that size changes other than those 
resulting from simple particle swelling could occur within the flame and it 
was instructive to examine the effect of increasing size. Subsequent runs
t '
proved the value of the preliminary investigations.
Figure 18 shows the effect on particle temperature of changing 
the coefficient S^. for the Ackton Hall coal.
7*5*5 Surface Factor
On its own, the surface factor was shown to have an important effect 
on combustion. Increasing the surface factor led to higher rates of reaction
higher particle temperatures and, at a given time, a decrease in oxygen 
concentration. Table 18 illustrates the effect on Rawdon coal.
' TABLE 18
The Effect of Varying Surface Factor. Rawdon 55-65 yun
Surface Factor Function T_. maximum Oxygen $ Total burning
10 V
. °k :
(at 0.2 s) time, s.
- 3.344 + 0.4 9 4 X3 1550 14.7 >  0.7
- 3.192 + 0.608 - 0.228 1580 14.0 0.55
It was found, too, that manipulation of the surface factor could 
effectively compensate for the effects of Changing the partition of energy 
between the and jip terms and it was also partially successful in 
negating the effect of changing swelling coefficient. The latter point 
is illustrated in Table 19* The surface factors in each case represent the 
"best" values in an attempt at obtaining coincidence of the traces for 
different values of the swelling coefficient, . .
TABLE 19.
Surface Factor Compensation, Rawdon 55-65 ym
Swelling
Coefficient
Surface Factor Function 
loge
Tp maximum 
°K
Total burning 
time, s.
■3.0 - 3-171 + 1.368 X^ - 0.960 Xp4 1490 (at o.11 secs) 0.59
2.0 - 3.192 + 0.608 Xg — 0.228 Xp4 1575 (at 0.13 secs) 0.51
1.0 -2.622 - 1.780 Xp
*'1
1700 (at 0,12 secs) 
1850 (at 0.31 secs]
0.48
7*5*6 The Trials
Using the experience gained in the preliminary runs, a swelling 
coefficient was selected and the surface factor was varied to achieve the 
best agreement with the experimental results. The appropriate values are 
listed in Table 20.
• TABLE 20 .
The Trials
(jiG = 0.704; = 0.296).
Coal
Type
Nominal Wall/ 
Combustion Air 
Temperature, °K
Swelling
Coefficient
Surface Factor Function 
i°ge
Rawdon 973 3*0 1.573 + 0.760 Xjj
Rawdon 1223 3*0 - 3.171 + 1.368 - 0.950 Xj4
Ackton Hall 1223 4*0 - 2.409 + 0.5 3 2 ^
Figures 19, 20, 21 compare the computed and measured values for 
particle burnout, oxygen and temperature along the axis of the flame for 
Trial 2.
Table 21 compares the measured (best line) and computed results for 
the same variables in the three trials. In all cases the biggest 
discrepancies occurred during the volatile evolution stage and reveal the 
area of greatest uncertainty in the model* This point is referred to again
in Section.10*3*
TABLE 21
COMPARISON BETWEEN MEASURED (BEST LINE) AND COMPUTED VALUES
TRIAL 1
TIME FROM 
PARTICLE 
INJECTION, s
TEMPERATURE, °K OXYGEN,$ BURNOUT, $
MEASURED COMPUTED
(TG+Tp/2)
MEASURED COMPUTED MEASURED COMPUTED
0.071 1080 1140 . 19.4 ' • 19.2 5 21
0.085 1100 1180 18.8 18.8 . 9 23.5
0.136 1130 1280 16.5 17.4 31 40
0.188 1150 1280 . ,15.2 16.6 43 47
0.343 1090 1190 13.3 15.2 62.5 58.5
• TRIAL 2
0.072 1490 1490 17.4 . 18.0 11 30.5
0.083 1480 1510 16.9 17.4 16 35
0.132 1450 1520 15.2 15.6 38 50.5
0.182 1410 1470 13.8 . 14.2 • 54 61
0.340 1290 1370 11.1 . 11.2 85 85
TRIAL 3
0.075 * 1350 1350 18.7 ' 18.4 8 22
0.088 1360 1370 18.2 18.1 12.5 25.5
0.139 1380 1400 ’ 16.4 16.4 20 32.5
0.190 1350 1380 15.0 14.8 48 52.5
0.351 1190 1310 11.3 . 11.7 78 78
8.0 DISCUSSION
8.1 STRUCTURAL STUDIES IN THE LABORATORY
The single particle studies and the. suspension studies gave a - 
consistent, picture of the course of structural change. When heated 
rapidly to temperatures in excess of about 550°C the great majority of 
bituminous coal particles formed hollow spheres. While this phenomenon 
is by no means unknown, it is not universally recognised, nor has it been 
generally adopted in mathematical models of combustion. HOWARD and 
ESSENHIGH (101) in their studies of the kinetics of decomposition of 
pulverised coal particles rejected the possibility of the formation of 
hollow spheres "since the occurrence of cenospheres under conditions of 
rapid combustion found in the flame has been shown to be unlikely".
Howard and Essenhigh quoted SINNATT and NEWALL as the authorities for this 
statement. However, a close inspection.of Newall and Sinnatt’s paper, 
devoted to the study of coal particle combustion in air (17), reveals that 
these workers speculated that, at high temperatures, combustion of coal "may 
be so rapid that particles bum without the formation of cenospheres being 
possible". They restricted the term "cenosphere" to the characteristic 
film and thin lattice structure which is formed from the vitrain and clarain 
components of a caking coal. The durain component of caking coals and the 
iithotypes of non-caking coals do not form cenospheres as such.. However, 
this must not be interpreted as meaning that they do not form hollow spheres.
Again FELLS and RICHARDSON (32) commented that hollow char particles 
are probably produced only in zones of poor mixing and implied that such 
particles are not likely to be formed when the p.f. has access to sufficient 
air. This remark is contrary to the author’s experience. ' In both the 
single particle work and the suspension studies the only particles which
were not observed to form hollow spheres were the solid chars, comprising 
only a few per cent of the total sample, and anthracite. Particularly in 
the case of the single particles heated in air, the conditions could not 
be called oxygen starved. Fells and Richardson examined only the external 
surfaces of their specimens but it would seem necessary to examine cross 
sections to be certain of the internal structures.
As particle size increased, however, the hollow nature of the spheres 
was not so pronounced. Sectioning, single 1000 pa diameter particles showed 
that they generally possessed thick walls and the internal gas spaces were 
small, ESSEMIGH’s separate observations (37) on.the absence of hollow 
sphere formation, made during the course of his investigations into the 
swelling behaviour of single particles, could conceivably be explained, in 
this instance, in terms of the larger particles involved (he dealt mainly 
with sizes in excess of 1500 pn diameter) and the different heating rates 
employed (his temperature source operated at less than 1000°C). If this is 
the case, it again highlights the importance of using experimental conditions 
realistic of plant operating conditions, if meaningful data is to be obtained 
on p.f. particle behaviour in boilers.
The slow motion studies were helpful in investigating the evolution of 
the hollow spheres, although the precise, sequence of changes observed - as in 
the i case of changes in apparent density - may not occur at the higher heating 
rates characteristic of flames. Gas bubbles were generated inside the 
particle, and gradually made their way to the surface. The cine films 
showed that spurts of volatile material could travel distances of up to 
500 (particle) diameters away from the particle and mix rapidly with the 
surrounding gas and this behaviour provided a factual basis for the 
assumptions made on volatile mixing in the mathematical model.
All bituminous coals formed hollow char particles of three main types.
However, in air, only a few swelling coals formed particles which approached 
the true cenospheres (of Sinnatt’s) in stihicture, and even these possessed 
thicker ribs and membranes.
Air-treated particles invariably had holes in their surfaces, but 
these were larger in particles treated above ignition temperature, than in 
those treated below it. This can probably be attributed in part to the more 
forcible ejection of volatile material at the higher temperatures, blasting 
large holes in the outer skin of the particles, but preferential oxidation 
also occurred around surface irregularities, including the blowholes, and was 
a particularly significant feature of combustion. During the first part of 
residue combustion the particles burnt at approximately constant diameter 
and as burnout proceeded and the surface holes became larger, increasing 
access was given to reactive gases to the interior of the spheres. The walls 
were consumed both internally and externally and eventually the spheres 
fragmented. Fragmentation took place in one of two ways, either by small 
pieces breaking off from the parent ("granule" fragmentation) or by large 
areas of the skin peeling away intact ("plate-like" fragmentation). The 
former was particularly characteristic of the low rank coals; the latter of 
the medium rank coals. Together, they provided another illustration of 
change in coal properties with change in rank.
Nitrogen-treated coals had a more open structure than the air-treated 
ones, and the particles tended to be more uniform in character. Pores were 
smaller than in air, and not very common. Apparent density measurements 
showed that many of the particles had unperforated envelopes. This implies 
either that the volatile matter was emitted as a vapour from the surface, 
or more likely, that the surface was self-sealing. These characteristics 
would appear to be correlated with the greatly increased fluidity of the
samples in nitrogen as compared with those in air. Swelling coals in 
particular were extremely mobile, and it is no' coincidence that among 
these coals, large numbers of true cenospheres were seen with their 
distinctive membranes and thin ribs.
The dissimilarity in behaviour between the air and nitrogen-treated 
samples can hardly be attributed to differences in heat transfer between 
the. two systems: the differences in thermal conductivity and specific heat
are too small to account for the results. A chemical effect in which oxygen 
in some way inhibits fluidity is the more likely explanation. The situation 
is in many ways comparable to the variation in maceral behaviour with rank, 
where high oxygen content of the coal is correlated with cross linkage and 
immobility of structure (Section 8.2.). However, in explaining the present 
differences, it is necessary to postulate that all the oxygen involved must 
come from outside the particles since the. coals treated in nitrogen themselves 
already contain combined oxygen.
If oxygen can reach the surface of the particle during devolatilisation 
it lends some credence to the assertion that residue combustion can take 
place simultaneously with volatile oxidation (101,102). However, microscopical 
examinations and-measurements of surface reflectance, the latter a guide to 
surface oxidation, both failed to confirm or disprove this hypothesis (103).
Ash apparently had little effect on combustion behaviour. In the • 
case of the single particle studies, this was hardly surprising since care 
was taken to exclude obvious mineral matter in preparing the samples, and 
the inherent ash remaining, comprised only a few per cent of the whole.
Only in a few cases did the ash appear to form any kind of skeleton and
when it did, the structure was very fragile and easily disintegrated. Except
• ■ ' l
by catalysis it is difficult to see how it could have affected burning. In 
the suspension studies too, although no attempt was made to separate the ash
from the combustible matter, the ash appeared to have little or no 
influence on the reaction of the carbon. It was seen as discrete particles 
of mineral matter, as small flakes or spheres attached to the surface of 
the char particles, or in cross section embedded in them. It was never 
seen to wet the carbon and so limit the access of oxygen to the surface. 
RAASK in his studies of the wetting and flow properties of slag (104) 
arrived at a similar conclusion.
.2 LITHOTYPES
The results of the preliminary experiments suggested that the four 
chief types of char particles might be related to the individual lithotypes 
of the parent coals, but the subsequent heat treatment of selected "pure" 
coals did not confirm this theory. Only one char form could be related 
unequivocally to a lithotype. This was the "splid" type which formed the 
great majority of particles from the CRC 902 fusain sample examined.
It must be stressed that there was only a very limited range of 
samples on which to base any conclusions. • However, if, as has been held, 
fusain is derived from sources such as charcoal produced in forest fires or 
from exothermic microbial action (20,p.72) it would be unlikely to vary in 
its, properties, and these could reasonably be assumed to be common to all 
ranks of coal. For the other lithotypes examined, only trends could be 
established: vitrains and clarains containing high percentages of vitrinite,
produced thin-walled forms, whilst durains, composed largely of exinite and 
inertinite in equal proportions, gave thick-walled chars. Of the latter, 
the more open structures can probably be attributed to the hydrogen-rich 
exinite component since it is well known that this decomposes on heating 
into a very plastic "melt" (20,p.86).
Considerable variation existed in the vitrain fraction which tended 
to have a more developed internal structure with decreasing rank. This
variation with rank was not unexpected since vitrinite itself is often 
used as a reference maceral to identify rank and its characteristics change 
fairly continuously and commensurately with the course of coalification (105). 
This has been linked with the influence of oxygen content of the parent 
coal on the structure of chars • Low rank coals of high oxygen content give 
chars which on heating do not graphitise; they develop a strong system 
of cross linking which immobilises the structure and unites the 
crystallites into a rigid mass (20,p.338)* Coking, high-hydrogen content 
coals, on the other hand, form chars which are relatively mobile and cross 
linking in the mass is weak. ,.
The difficulty of drawing conclusions on the behaviour of coals is 
well illustrated by the example of Rawdon which has the same rank as 
Hailstone used in these tests, CRC £02, but which had a greater tendency 
to form hollow balloon-like particles.
.3 STRUCTURAL STUDIES IN THE FIELD
Results obtained from the laboratory studies were generally 
substantiated in the pilot plant trials. The same four main types of 
particles were observed of which the lacy spheres and C-shaped spheres 
predominated and contributed most to unbumt losses. Both the solid 
type and the balloon spheres ,amounted to only a few per cent of all the 
particles seen. The latter wjas a true indication of the numbers of these 
particles formed in the combustion chamber but was accentuated in the case 
of the balloons, by the more rapid disappearance of this type of char 
during combustion than was the case in the particles with a more extensive 
inner structure.
r Observations on the types of particles met with in large flames to 
some extent contradict the findings from the IJmuiden experiments (25)0 
Unbumt particles were only found in two trials at Littlebrook, at distances
of up to 2.0 m from the burner, when the fuel-air ratio was known to be 
high. At IJmuiden, some unbumt p.f. was discovered at the end of the flame 
(5iJ m from the burner). Plasticised particles were never found by the 
author and it is suggested that the bodies so described in the IJmuiden 
report were more likely to have been ash. In the flame solids from 
Littlebrook, too, a distinction could not be drawn between particles in 
their various stages of volatile evolution. It is possible that the "semi-coke 
and "coke” particles which A1PERN and his co-workers described were merely 
structurally different types of fully formed spheres.
The curious phenomenon of."filled-spheres" cannot be satisfactorily 
explained. It may have been caused by sampling and the presence of foreign 
char particles, i.e., char particles of one type inside a sphere of another 
■fcyPe> points to the artificial nature of these collections. However, the 
enclosed particles often appeared too large to have entered through the 
pores of the outer sphere and if some form of static charging were proposed 
to explain the attraction of the particles for one another it is difficult 
to see why some particles were not found outside the wall. Moreover,
"filled" spheres were not common to all trials despite the similarity of 
the sampling methods.
i As was the case in the laboratory, experiments, ash appeared to have 
little effect on combustion and often behaved quite independently from the 
combustible matter. Flame temperatures were higher than in the vertical 
tube furnace and the ash becoming sticky, separate particles had fused 
together to form large agglomerates. The composite nature of these 
formations was often revealed in cross section by the presence of "rings" 
representing particles of different composition embedded in the groundwork 
of the predominant mineral. Originally the "rings" had either existed 
as discrete particles of mineral matter or else, embedded in the char, had 
been exposed during the course of combustion before running together. In
the tail of the flame, agglomerates of these small particles were occasionally- 
seen attached to the residuum of a char particle, but again the ash was not 
seen to wet the char and if combustion were impaired, it was probably only 
to a limited extent.
In the large boilers, conditions tended to be very complex. This was 
particularly the case in the region of the burner where recirculation 
occurred carrying the smaller particles of ash and the lighter spheres 
back towards the inlet. In one sample collected, in addition to raw coal 
there were partially burnt hollow spheres, spheres in an advanced stage of 
combustion and ash particles’. These investigations clearly show how 
difficult it is to apply information gained in the laboratory to the complex 
conditions existing in large plant. A system such as a compartmented boiler 
each cell of which is independently fired with minimum recirculation (91 
would be the ideal thing to study if laboratory-derived data and mathematical 
models are to be applied to the real case.
.4 SWELLING
It was impracticable to examine sufficient numbers of single 
particles to make the swelling measurements quantitatively significant but 
the results obtained qualitatively supported the findings from the suspension 
trials in which much larger numbers of particles were measured. Using 
standard statistical techniques, the extent of swelling a suspension of 
graded particles experienced on heating, was differentiated from the size 
dispersion imposed by the sieving itself. Untreated particles were sieved 
into size ranges of a fourth-root-two increasing progression and the similar 
relationship found to exist between the standard deviation and the sample mean 
expressed on an equivalent sphere diameter basis, gave confidence in the method 
of size measurement and presentation of results. As a diluent, ash is known to 
reduce the extent of swelling in a bulk sample (l06,p.108); and this effect was
minimised by ignoring the obviously ashy particles during the microscopical 
counting.
The principal finding of the swelling measurements was that for a 
coal of given rank, heated under otherwise identical conditions, swelling 
ratio was dependent on gas composition. Swelling ratios of particles treated 
in air were less than those treated in nitrogen (and the single particle 
studies would suggest, less than in carbon dioxide and simulated flue gas). 
For the 53 - 63 pm fraction of a "high-swelling" coal, CRC 502 treated in air, 
the volume increase was 1.33 times. In nitrogen, the corresponding increase
I
wasj3*87 times. It is, therefore, apparent that mathematical models of 
combustion using data obtained from nitrogen treatments^ will be in error.
It is also evident that the swelling ratios of particles treated in 
suspension are different from those given by the British Standard Swelling 
Test which provides only a rough , guide to the likely behaviour of particles 
in a pulverised coal flame. This is hardly unexpected as the conditions 
of the two tests: heating rates, gaseous environments and freedom of the
particles to expand, are very different..
Below the ignition temperature, both time and temperature were found 
to be important parameters in determining quantitatively the swelling 
properties of p.f. particles in air. Sufficient time was necessary to ensure 
fully developed structures, but once fully developed, the structures were 
characteristic of the treatment temperature. Above ignition, prolonged heat 
soaking and higher treatment temperatures were of less significance but the 
particle temperatures were more difficult to evaluate and more sensitive to 
the; experimental conditions, and for this reason a standard swelling test 
involving flame formation was not considered desirable.
Analysis of data from the two suspension trials, suggested that at
the flame front the particles swelled appreciably, swelling being rapidly 
followed by contraction, the diameters then remaining constant through the 
later stages of devolatilisation and the beginning of residue combustion.
The single particle experiments confirmed this behaviour, although 
the end of expansion coincided with the end of devolatilisation, to be 
followed after a discrete time interval by contraction. Contraction did 
not appear to be linked to devolatilisation in that it represented a 
physical collapse of the particles after the volatiles had escaped, but may 
be more explicable in terms of the chemical reactions involved.
Experience with suspensions of bituminous coal particles heated in 
nitrogen was limited to a maximum treatment temperature of 650°C and a 
standard treatment time of 225 ms>: when a steady increase in mean particle 
diameter was found with temperature. With the single particles, it was 
found that an increase in diameter occurred so long as volatiles were 
expelled. The work of Littlejohn (27) supports these observations. He found 
that at 900°C the swelling continued after the particles reached the test 
temperature and that at temperatures up to 2000°C the extent of swelling 
varied with temperature.
Swelling is another facet of the phenomenon of structural change, 
and fluidity is as important in determining changes taking place in 
particle diameter, as it is in influencing the type of particle produced. 
Swelling is greater in nitrogen than in air because the coal structure is 
more mobile. Evolving gases push the outer walls in front of them before 
finally escaping and the result is a large distended sphere. This is 
especially the case in medium rank ("swelling") coals.
In air, on the other hand,. the structure is more rigid and 
comparatively little expansion takes place even with "swelling" coals. Gases 
are expelled often with considerably greater force than is the case in 
nitrogen-treated coals, and the pores often give the impression that they
have been blasted open*
When particle sizes were considered which are larger than the 
normal p.f* range, it was found that for coals .of the same rank, the 
swelling ratios were often higher. An explanation for this might be sought 
in the heating rates, which due to the masses involved will be lower for 
larger particles than for smaller. The result will be that the different 
sections of a large particle will undergo the various stages of its structural 
evolution at different times. The outer skin, for example, will initially be 
at a higher temperature and complete its swelling before the core. Gases will 
be more slowly generated in the latter and the restraint on their escaping 
will be greater: they will tend to inflate the particle rather than burst
it open. The situation may be complicated in the larger particles by the 
different macerals involved. Anisotropy in swelling was found to increase 
with partiole size, particularly in air-treated samples, and it may be no
icnce that in the nitrogen-treated coals (where the structure was more 
fluid and placed less restraint on the escape of gases) the swelling in 
large particles was more comparable to that occurring within the p.f. size 
range.
Finally, in considering the effect of particle diameter on swelling, 
differences in the method of grinding must -be borne in mind. In the field, 
samples are normally produced by a continuous process of grinding and 
classification, whereas in the laboratory the samples are usually ground for 
a fixed time and then size graded. The consequence is that in the latter, 
the finest fractions are more likely to contain particles representative 
of all the lithotypes whether these are easy to grind or not. In the 
operational mill on the other hand, the finest fractions are more likely 
to contain only those particles which are easiest to subdivide such as 
fusain. Durains being harder will be concentrated in the coarser fractions 
(107,108). It is well known that the individual lithotypes exhibit
marked differences in swelling behaviour (21,37)* Clarain and vitrain both 
swell more than durain and durain more than fusain. Laboratory-ground 
samples, therefore, will tend to give a more truly representative picture 
of the variation in swelling with size than field samples where the results, 
for different fractions, will be partially dependent on differences in 
lithotype content.
.5 APPARENT AND BULK DENSITY
In general, determinations of apparent and bulk densities provided 
confirmation of the picture of structural change built up from the 
microscopical work and swelling measurements.
In air, below ignition temperature, the well defined minimum in the
value for apparent density, approximately coincided with the peak of swelling.
The subsequent sudden increase in the density figures can reasonably be
associated with the expulsion of volatiles and the formation of surface
holes allowing the silicone oil to penetrate into the particles during the
determinations. The apparent densities thus approached, without being more
specific, the true density of the char, (The work of KIPLING and McENANEY
o
(109) suggests that pores'^ 12 A in diameter are accessible to DC 702 
fluid).
In nitrogen, the decrease in apparent, density with increasing 
temperature (up to 650°C) was fairly uniform. Discrepancies between 
theoretical results based on swelling and the' determined values can 
reasonably be attributed to broken "windows1’, small pores, or, at the lower 
temperatures, lack of time for completion of swelling, leading to collections 
of particles in an arrested stage of development.
Further work is required to establish the pore size distributions 
of pulverised coal chars using fluids of different molecular size and 
shape. Until this information is available, it would be unwise to interpret 
the results so far obtained with silicone oil in terms of total pore volume.
By standardising the time for penetration in the apparent density 
determinations, the possible complication of density drift was minimised: 
all values were relative to the conditions of the experiment.
Above ignition, the rapid swelling which took place at the flame 
front resulted in a sudden decrease in bulk density. Along the length of 
the flame, the density fell progressively and calculations showed that more 
mass was lost than could be accounted for by a simple decrease in volume, 
thus inferring that internal combustion had taken place. Other workers have 
recently made the same observation (28). A second point concerns the good 
agreement between the measured and . calculated values for bulk density during 
the. period of early residue combustion (190 ms after injection). Since one of 
the assumptions made was that the packing fraction was constant, this suggests 
that little fragmentation had occurred up to this point and gives further 
support to the concept of combustion at constant diameter. V/ith increasing 
weight loss, however, the bulk density rose and microscopical examinations 
showed that many particles were in the process of fragmentation or had 
fragmented. At this stage, it was impossible to infer a meaningful 
relationship between bulk density and swelling. ' _ ' ,
.6 TEMPERATURE MEASUREMENTS OF SINGLE PARTICLES
The device for recording the intensity of thermal radiation from small 
particles fulfilled its design expectations. It permitted measurements 
down to 300°C, when the radiating surface was at least 250 pm in diameter, 
and could reasonably be claimed to be an improvement over previous systems 
of measurement. However, the original assumption that the emissivities 
of the char particles at the two chosen wavelengths were equal was shown 
to. be invalid. (This assumption is one which has frequently been, made 
by other workers and emissivities have been quoted, at various wavelengths, 
between 0.5 and 1.0) (80,84)* Anomalous results were obtained in which 
the temperature as indicated by the ratio method was lower than the black-body
temperature(s) appropriate to the cell outputs from the individual filters.
The inference was that the emissivity was greater than unity, which is clearly 
absurd. These anomalies could not simply be attributed to the presence of 
emitting or absorbing gases since the same results were obtained for 
devolatilised particles in nitrogen. The more plausible explanation was that 
the emissivities at the two wavelengths were not identical i.e. that the 
colour temperature measured was not equivalent to the true temperature 
(Appendix 5) • This was subsequently shown to be the case and was presumably 
due, in the case of the chars at least, to the physical, as opposed to the 
chemical, nature of the surfaces involved.
It was essential to measure the emissivities of the particle to derive 
its true temperature and the copper-block technique in which the emissivities 
of standard surfaces of coal, char and ash were determined offered a solution 
to the problem. However, there was no way of independently checking the 
results obtained. One serious difficulty was that no information could be 
discovered on the spectral emissivities of reference, sources (other than 
black-bodies) as far into the infra-red as 4*5 p >  one of the chosen 
wavelengths, and at temperatures up to 1500°C. Even the classic work of 
de VOS (110) on the emissivities of tungsten at temperatures up to 2800°C 
did not extend beyond 2.7 pa. Comparison with de VOS’s extrapolated values 
was not possible since the rapid oxidation of tungsten precluded its use as- 
a calibration material, except in special vacuum or gas-filled enclosures 
and these as supplied by the manufacturer contain a quartz viewing window 
which cuts off infra-red radiation above about 3*0 p *  However, a partial 
solution to the problem was found by determining the emissivities, at 3*1 p  
and 4*5 pi, of a platinum source operating at temperatures up to 1140°C.
The values obtained agreed reasonably well with published data, especially 
considering the differences; in the physical nature of the surfaces of the
* G.E.C., Hir3t Research Centre, Wembley, Middlesex.
materials used (95)• Other sources of confidence in the experimental 
method were the near-blackbody values for the emissivities of a coal sample 
at room temperature, quoted by FOSTER and HAWORTH (111) for wavelengths 
between 1.0 p  and 6.0 p ;  and the values for the total hemispherical 
emittance of a combustion chamber deposit (coal ash) given by Australian 
workers (112). On heating.the latter, from 300°C to 1000°C the emissivity 
was found to vary from 0.84 at 300°C to 0.56 at 1000°C: which bore some
resemblance to the author’s own figures.
In these circumstances, the temperature traces obtained during the 
combustion of single particles were the more gratifying when it was found 
that they agreed closely during the residue burning phase, with results 
produced by IVANOVA and BABII, (84) engaged in similar experiments. In 
the Russian work, single particles of between 100 p  and 1000 pm diameter 
were mounted on quartz needles and plunged into a furnace where the gas 
temperature was between 1200°K and 1600°K. Their surface temperatures were 
monitored using a two-colour optical pyrometer, the measurement range of 
the instrument being 1173° - 2773°K. Using a 500 p  diameter particle in 
air at 1400°K, the maximum temperature recorded during residue combustion 
was 1850°K and the temperature-time profile, was fairly flat until the end 
of the heating period, when, with the particle diameter about 40 p ,  the 
surface temperature fell to the level of the gas.
In the author’s experiments, the gas temperature was not measured 
during the particle heating cycle but it can be inferred to lie between 
700°K (the preheat temperature) and 1500°K (the temperature. measured by 
a blackened thermocouple placed in the beam of lamp radiation). The 
maximum temperature obtained during the residue phase of burning of a 
350 pm diameter particle.was typically about 1800°K, and temperature fell 
slowly throughout the remainder of the heating, cycle • The lower size
limit (40 pm) of the particle quoted.by Ivanova and Babii is interesting in 
that particles of a similar size, the end products of fragmentation, were 
often observed to remain on the support filament almost unchanged, at a 
temperature which was measured to be about 1500°K, for relatively long 
periods of time. It was assumed that the support filament was conducting 
away a disproportionate amount of heat from the char remnant and the rate 
of combustion of the latter was reduced, a point which must be recognised 
in attempts to establish total burning times in single particle experiments.
One notable difference with the results of the Russian work concerned 
the temperature peak, which they recorded during the-devolatilisation phase 
of combustion, when the temperature rose to nearly 2300°K. - During the 
author’s experiments, the presence of a volatile flame apparently depended 
on the concentration of volatiles in the atmosphere surrounding the particle, 
and this was often too low for flame formation when 250 pm diameter particles 
were being studied. . Even when a flame was seen to be established (and it was 
often difficult to distinguish it on the film from the dense mass of volatiles 
being evolved) in no case was its presence recorded pyrometrically. It is 
possible that this was due to the position at which the measurements were 
made. The surface temperature apparatus was specifically designed to examine 
particles from beneath, where the film of rising combustion gases and the flame 
envelope were likely to be thinnest, and the flame radiation may have been 
swamped by background radiation from the hot particles.
The Russian pyrometer was not capable of measurements below about 
1200°K, and it was just in this region that the extent of physical change 
was greatest and the particle temperature histories likely to be of most 
interest. KALLEND and NETTLETON (82) had reported that in experiments 
with single 6000 pi diameter particles of Gedling coal suspended 10 mm above 
an electric heating coil, the surface temperature rose, and remained around 
400°c during the total period of devolatilisation and volatile burning.
The central (core) temperature, on the other hand, rose only slowly 
during the same period, reaching 400°C towards the end of burning. These 
observations have aroused some controversy. They have important 
implications for any theory concerning the'mechanism of volatile 
evolution, notably in that a considerable latent heat must be involved in 
the process.
The author’s work does not confirm these findings. In all the 
experiments conducted, a fairly uniform increase in temperature occurred 
during the devolatilisation phase, in both air and nitrogen, indicating 
that the latent heat of volatile evaporation was low. These differences 
are not easy to resolve although the large particle sizes used in KALLEND 
and NETTLETON's experiments, in influencing heating rate may have some 
relevance to the problem. This being the case or not, it is apparent 
that their results are not applicable to pulverised fuel combustion.
.7 SURFACE AREA
A primary object of the surface area work was to investigate the 
relationship between the surface area of the char residue participating in 
the j combustion reactions and the surface as measured by gas adsorption. 
This relationship is the subject of further discussion in Section 8.8.3. 
but it is convenient here to draw attention to the limitations of the 
sorption technique.
It is scarcely possible to. speak of the "true” specific surface 
of a coal since it is well recognised that the values obtained are 
dependent on the adsorbate used, the temperature of measurement (113) and. 
the method of interpretation of the experimental results. In the latter, 
difficulty arises in dealing with micropores, because the opposite walls 
are;so close together that their sorption potential.fields are additive. 
Such enhancement may act across several molecule diameters of sorbed
molecules and can lead to the micropores becoming completely filled by 
condensed sorbate in the region of apparent monolayer formation (52).
In this context, while xenon adsorption at 0°C may represent the "best1’ 
available method for the determination of the specific surfaces of coal 
and coal chars, it must still be regarded as giving results of relative value 
only, which in view of the differences in molecular sizes and properties 
involved, will not be the true valu& relevant to the gases taking part in the 
combustion reactions.
A second complication which must be considered is that the surface 
which may be available to penetrant gases at the temperature of combustion 
may not be the same surface which is available at the temperature of 
determination. For example, the phenomena of both "closed-pore" penetration 
and ”open-poren closure have been well demonstrated in synthetic graphite 
(19,114). On heating, the pore mouths may either expand, in which case the 
pores become increasingly accessible, or alternatively, they may contract 
so that pores which were originally open become closed to gaseous molecules. 
On cooling these changes are reversed, and the result will be either that 
less or more of the surface is measured than is actually available at the 
working temperature.
A third point concerns the times involved. In gas sorption 
experiments sufficient time is allowed for the system to reach (for all 
practical purposes) equilibrium. In combustion, however, even though the 
temperatures are considerably higher and the molecules more mobile, only 
a fraction of this equilibration time is available for gases to reach 
the surface and react, and for the desorbed products to diffuse away. The 
implication is that even if the surface is potentially accessible at any 
one stage during burnout it may not be able to participate in the chemical 
reactions. In this case more surface will be measured than will be relevant.
However, despite these limitations the values obtained during the
measurement of specific surface can be of use in providing an insight into '
the mechanism of surface reactions and in themselves be of interest as
another manifestation of physical change.
For example, one result which the experiments produced was that for
both the treated and untreated samples, the surface areas of the low rank,
low-swelling coals were greater than the medium rank, swelling coals.
This observation was not original but it gave confidence in the method
of analysis and interpretation of. results. There is evidence in the
literature to suggest that surface area varies with rank and-hence with
carbon content. A minimum surface has been noted with coals of approximately
85$ carbon (on a d.a.f. basis), the surface area increasing sharply with
coals of both higher and lower carbon content (113»115)* 53 - 65 pi
fraction of Eawdon coal had a measured carbon content of 77*5/^  and a surface 
2 —1area of 157m g" (both expressed on a d.a.f. basis); the equivalent
sized fraction of Ackton Hall possessed a carbon content of 84*6$ and a
2 - 1specific surface of 57m g . Both agree well with published values for 
the surface areas of coals of similar carbon content where the technique 
of xenon sorption at 0°C has been used (6).
Another point concerns the values for the specific surfaces of 
the various lithotypes examined. From the limited number of cases 
considered, it was found that the specific surfaces of both the treated and 
untreated lithotypes decreased in the order clarain - vitrain - durain - 
fusain. This progression was in accordance with the swelling measurements 
for single particles and the microscopical work on suspensions also appeared 
to support the observation. The vitrinite component which comprised the 
greater part of both the vitrain and clarain samples was found to give rise
to large numbers of lacy spheres whilst inertinite and exinite, which in
approximately equal proportions formed the durain fraction, produced mainly
thick-walled particles with little internal structure. However, it must be
pointed out that while swelling and extensive partitioning of the internal
cavities of the particles could have contributed to a high surface area, these
microscopically-visible structures were unlikely in themselves to have been
responsible for all or even the greater part of the measured surface. The
calculated value for the external geometric surface of a sample of 60 pm
2 - 1diameter particles is about 0.1m g depending on the density of the coal or 
char: the experimentally determined surfaces were approximately three orders
of magnitude greater. Even with coals such as the Hailstone vitrain, where 
the internal structure (laciness) was most extensive, it is difficult to 
believe that most of the measured surface area was accounted for in this way. 
In the case of the untreated coals or in the heat treated fusain, where the 
only visible internal surfaces were fissures or large pores, it is obvious 
that almost all the measured surface was present in pores which were below the 
limit of resolution of the microscopes used. (This conclusion is one which 
is confirmed in the case of untreated coals in extensive references in the 
literature (19)).
In the suspension trials conducted in the vertical tube furnace, 
several other points are of interest: firstly, there is the fact that
whilst particles underwent considerable changes on rapid heating, the surface 
areas of both the untreated coal and the char particles at the flame front 
were comparable in magnitude. In the case of the Eawdon coal (Trial 2) 
the values were almost identical. While it has been argued above that 
laciness itself was unlikely to have contributed much to the measured surface, 
particle change concerns more than the development of internal partitions 
and especially in the case of medium rank coals, the structure becomes 
plastic and mobile during devolatilisation. It could be expected that the
original pores would be obliterated and the evolution of the volatiles
would help to open up a new pore.structure. The similarity of surface area
in these circumstances is a striking coincidence.
A second point, concerns the gradual reduction in specific surface
which occurred on burning. This can reasonably be assumed to be accounted
for in terms of the progressive destruction of the micropores during residue
combustion. This theory is supported by changes which have been observed to
take place during the gasification of coals where it has been shown
convincingly that after reaching a- maximum at between 20$ and 70$ b u m  off
(the value depending on coal type, gasification temperature and activating
gas) the specific surface was reduced and at the same time the pores became
increasingly enlarged (I9f1l6,117)#
Finally, with increasing burnout and particle fragmentation, the
surface area approached that of the ash. Recent Russian work (118) quotes
2 -1typical values for ash produced during gasification, of 4 “ 7 ® S > and the 
results obtained during the trials were comparable, tending at these values 
to reach the lower limit of sensitivity of the apparatus.
.8 THE MATHEMATICAL MODEL '
8.8.1 The Main Variables
A main objective of the model was to investigate particle behaviour 
during the residue phase of combustion. It was found that reasonable 
agreement could only be obtained between the computed values and the 
experimental results by manipulating both the swelling coefficient and the 
surface factor together. On their own, both factors were shown to be 
important in controlling particle burnout, temperature, and oxygen 
concentration along the axis of the furnace. Increasing the swelling 
coefficient led to a decreased temperature, a longer burning time and a 
higher oxygen concentration. Conversely, increasing the surface factor gave 
an increased rate of reaction, whilst manipulation of the factor could 
compensate for the effect of allocating different fractions of the total
heat of carbon consumption to the terms p.^  and pp.
Manipulation of the surface term, ^  , on its own, however, could not 
completely compensate for changes in the swelling coefficient nor could it 
allow the experimental results to be reproduced. After the burning of the 
volatiles, the bulk of the carbon residue burnt at a nearly constant 
temperature and at a nearly constant, though falling rate. Attempts at 
manipulating ^  alone to give a realistic value for particle burnout rate 
could not be achieved without raising the particle temperature above the 
experimental values. Conversely, a realistic temperature could only be 
preserved with a protracted burning time • Subsidiary experiments showed 
that heat loss from the viewing slit in the chamber had a negligible effect 
on reducing temperature. Therefore, means of losing heat generated in 
particle combustion were sought within the model itself.
8.8.2 Swelling Coefficient
Mathematically, a relationship could be found between the rate at 
which the carbon residue burnt and its temperature, making the assumption 
that a surface factor could always be found to achieve the required 
constancy of conditions.
Since, during residue combustion, the temperatures were nearly 
constant:
0 ; TG^= 0 ; ^  Xy = 0
Eliminating Ep from equations 7*2.1 (i) - (vii), H^.from equations 
7*2.2 (i) - (vi) and adding:
K d s P \ hc + < ^ W ds <4 - 4> = 0
Comparing this with equation 7*2.4 (vi) the following relationship was 
derived:
Within the context of the simulation, a parameter not contained 
in this expression could not affect the relationship.
Of the parameters available, only emissivity and swelling (radiating 
surface area) permitted manipulation. Emissivity was known to be important 
in controlling temperature and burnout as evidenced in Figure 17 > but even 
the most efficient radiator, £ = 1.0, was shown to be an insufficiently 
powerful means of losing heat to satisfy the experimental results. This 
left only the radiating surface area as a means of reducing temperature
without sacrificing rate of combustion.
) ■
By calculation, a value for the swelling coefficient of 3-4 depending 
on the coal, was subsequently found to permit reasonable agreement with the 
experimental results.
The radiating surface area of a particle may vary during combustion 
in three ways: by the formation of soot during devolatilisation, by direct
swelling and by the consumption of the resulting sphere and its eventual 
fragmentation.
Microscopical examinations of the flame solids showed that the extent 
of soot formation during the trials was small and that, in any case, it did 
not persist in the flame. The examinations showed too, that typically, neither 
the low-swelling nor the so-called' "swelling1' coal particles underwent much 
increase in diameter on being heated and that they tended to b u m  at constant 
diameter during the initial stages of their residue combustion. However, 
fragments of particles were found in several samples and were more apparent 
towards the end of the furnace. An inspection of the Rosin-Bammler (119) 
size distribution for the Eawdon coal, Trial 2 (Fig. 14)> also showed that a 
decrease in the characteristic particle diameter (dQ) occurred along the 
length of the chamber. For particles of a given original diameter this implied 
not a progressive reduction in volume (since the particles burnt at 
approximately constant diameter) but division into several smaller pieces.
The net result was an increase in effective radiating surface.
Making the assumption that the samples satisfied the residue-
characteristic curve
Rg = exp
Then the most probable particle diameter, dm, was given by:
1
n
Calculations showed that dm for the untreated coal was approximately 
* .
equal to 70 pm and for particles treated for 0.342 seconds the most probable 
diameter was 33• 5 pm» As a consequence, the radiating surface could have been 
at least doubled and for non-spherical particles the increase could have been
even greater.
The whole concept of a single particle, study breaks down when division 
occurs. However, if the model is taken to represent a statistical average of 
a sample - the various particle types of which undergo fragmentation at
reasonable to suppose that division and dispersal will supply the radiating 
surface that the experimental results demand. Nevertheless, there is 
obviously a need for further work to determine changes in particle size
Section 10.1).
8.8.3 Surface Factor
The values used in the model for frequency factor and activation energy 
of the surface reaction rate coefficient of the char represented the best
sphere) surface of the particles since information was lacking on the true
* Microscopical counting gave the mean particle diameter for the untreated 
coal to be 61 pm. The assumptions involving the application of the 
Rosin-Rammler law to describe the,size distribution of solids in the 
furnace were not strictly valid since straight line relationships were 
not obtained iii the normal method of presentation (Fig. 14). However, 
the R-R. technique served to illustrate the point concerning fragmentation.
different times during their passage through the furnace - then it seems
distributions within a p.f. flame and their effect on heat transfer (see also
available data for carbons other than pyrolytic graphites (l,p.343)* units
employed were wholly empirical and were based on unit external (equivalent-
extent of surface participating in the reactions. To achieve the required
agreement with the experimental results from the trials, however, it was
necessary to use a fractional surface factor.
In practical terms, a fractional surface factor merely denotes a
departure from the published data, since mathematically it is impossible to ’
separate frequency factor and surface factor in the term for Knrr. At aUJl
given temperature, a surface factor of O.IOjfor example^is equivalent to a
frequency factor (and hence a surface reaction rate coefficient) of one tenth of
that quoted in the literature, assuming an identical activation energy.
Table 22 gives values for derived from the trials and model data.
Acknowledging the limited number of results available, it is noteworthy that
at similar temperatures and values for the surface factor, the value of KnrrOil
for the medium rank coal is lower than that of the low rank coal.
TABLE 22
. Derived Values for Knrr from Tube Furnace Trials
. V
(°K) ill
^CH(trials) Kprr (published data)
Trial No. Coal type and size r
(kg nf^sec"^ (NnT^)
1
2
2
5
Rawdon (902) 63-75 P^ 
Rawdon (902) 53“63 pm 
Rawdon (902) 53-63 V111 
Ackton Hall (502) 53-63pm
1250
1380
1450
1350
0.208
0.087
0.042
0.090
1.0 x 10“  ^
1.6 x 10"; 
1.5 x 10"' 
1.3 x 10~'
£
1o07 x 10~? 
4.15 x 10"5 
7.80 x 10-5 
3.1 1 x 10
Recent work in the BCTJRA laboratories confirms these findings (1,p.344> 
120). Coal chars are found to possess lower surface reaction rate coefficients 
than the non-pyrolytic graphite carbons and at temperatures in excess of 
1700°K, the discrepancies are similar to those listed above. Moreover, at a 
given temperature, low rank coals are found to possess higher values for 
than coals of higher rank. Using charcoal 203B* FIELD and ROBERTS (121)
* Manufactured by Sutcliffe Speakman, from a mixture of two coals,
80$ low rank and 20$ semi-anthracite.
8 “1found that the activation energy decreased from about 1.674 x 10 J(kg mole)*" 
(=40,000 cal (g mole)"^) at 1500°K to less than 3*348 x 10^ J(kg mole)"**
A r\
(=8,000 cal (g mole)*" ) at 1900 K. They commented that f,this was not 
surprising since there is no reason to expect that there should be a single 
activation energy covering the temperature dependence of all the complex 
processes occurring at the particle surface". In the author’s work, the 
temperatures during residue combustion in each of the separate trials were 
nearly constant. For the two trials conducted at a furnace temperature of
1223°K, the combustion temperature was about 1400°K and the value for the
8 *“1 **1activation energy was taken to be 1.494 x 10 J(kg mole)" (=35»700 cal(g mole)
In these circumstances, the assumptions made concerning the value for 
activation energy and its constancy appear reasonable.
Discrepancies between the published data for carbon and the trials 
results can be attributed to differences in both the chemical and the 
physical nature of the surfaces involved. The fact that coals of different 
rank can have (almost) the same surface factor (Table 22) but dissimilar 
surface reaction rate coefficients points to a wholly chemical influence. 
However, the observed differences in particle structure, swelling and 
behaviour during fragmentation, suggest that the physical nature of the 
surfaces is also likely to be of importance in controlling reaction rates.
The most obvious way it can do this is by influencing the diffusional transport 
of oxidant gases to the reacting surfaces (122).
For all three trials and over the whole range of residue burnout the 
surface factor remained fractional. It would be possible to account for the 
lower-than-published values of merely by postulating differences in the 
chemical composition of the surfaces, however, these discrepancies are also 
explicable in purely physical terms. Internal combustion was known to 
occur and might have been expected to result in surface factors greater than
unity, but a close examination of the particle structures revealed that the 
internal wastage was not uniform and especially at the beginning of residue 
combustion, the areas around the pore mouths appeared to be preferentially 
attacked. Also the surface holes, which gradually became larger as combustion 
progressed, represented "missing11 carbon and could not be considered as part 
of the calculated surface. In these circumstances, a fractional surface looks 
more feasible.
The fact that the surface factor changed during residue combustion 
(Section 7*5*6, Fig.22) is also capable of a physical explanation. As the 
surfaces became eroded and the micropore structure was broken down (Section 8.7) 
more and more surface became readily available for attack. The process 
continued and reached a maximum, when with the "bridges" between the expanded 
pores consumed, it declined. Fragmentation occurred and the available surface 
decreased to zero with complete burnout. In Rawdon Trial 2, for example, it 
may be significant that the surface factor required to preserve agreement 
with the experimental results, reached a maximum at 0.325 s after injection 
when a significant amount of fragmentation was first observed. The extent of 
particle combustion at this point was well advanced: 83 per cent.
8.8.4  Correlation with the Measured Surface
The original intention was to try and correlate the actual surface 
reacting with the surface measured by gas adsorption. In the event, this has 
proved impossible.
The limitations of the gas sorption .technique have already been
discussed (Section 8.7) and it has been argued(on the microscopical evidence
alone.)that it is likely that a considerable amount of the surface was present
in pores which were below the limit of resolution of the microscopes used.
(in theory, the xenon molecule should be able to penetrate pores with a
® ••10
diameter of about 6 A (6 x 10 m) but the finest detail the microscopes could
—7
resolve was about 1,0 x 10 m). As pore diameter is reduced, the surface
contained within the pores is less likely to react in the time available,
( ' .
due to the increased resistance to diffusion of the oxidant gases*
In contrast to the changes in reacting surface suggested by the 
computer analysis (Section 8.8.3)> ithe measured surface area showed a 
progressive decrease in value from the beginning of residue combustion 
through to the formation of ash.
It is interesting to note that similar anomalies have been observed 
during the gasification of a New Zealand coke with carbon dioxide (116).
At 4000°C, the specific gasification rate (weight loss per min./weight of
coke remaining) was found to increase with burnout up to at least 60 per cent
/
burnout and implied a progressive increase in reacting surface area. The 
surface area as measured by xenon adsorption at 0°C, however, was at a 
maximum between 20 and 60 per cent burnout.
It would be unwise to take the comparisons between these two series 
of experiments too far, since the conditions of reaction were not identical. 
However, in both cases it would seem that changes in the actual surface 
reacting cannot be simply related to changes in the surface area as measured 
by gas adsorption.
8.8j,5 Reaction Rate Control
Using equations 7*2.4 (ii) and (iii), it may be calculated that for 
a 70 ]un particle, with a surface factor, of 0.08 and a swelling coefficient of 
unity, the surface reaction rate coefficient is smaller and, therefore, 
dominant to the physical coefficient Kp^ . at temperatures up to about 2250°K. 
Increasing either the swelling coefficient or the surface factor lowers the
08maximum temperature for chemical control. Thus, with S^. = 3*0 and =0. 
the: upper temperature for chemical dominance may be shown to be reduced to 1950(k 
However, a significant increase in the swelling coefficient as it affects the
diameter of the particle in the diffusion equation (as distinct from its 
influence on the area for radiation) is unlikely to occur in practice, and 
will not affect the temperature level for dominance. For the same 70 p 1 
diameter particle, even, when the surface factor is increased to 1.0, 
is still dominant up to 1670°K (Fig. 23)*
The conclusion can he drawn that the combustion of the great majority 
of particles within the p.f. size range is chemically controlled.
9.0 CONCLUSIONS
9.1 GENERAL
Luring investigations in both the laboratory and the field, 
information was obtained on several aspects of the process of physical 
change in coal particles, which can reasonably be claimed to improve the 
understanding of the mechanism of p.f. combustion. This included data on 
changes in their structure, their size, their apparent and bulk densities 
and in their specific surfaces.
The studies culminated in the development of an analogue computer 
program which gave good correlation between computed and experimental 
results for single particle combustion at temperatures between 1050° and 
1500°K.
The detailed conclusions from these studies are considered below 
under their various headings. In each case the more important points are 
considered first.
9.2 STRUCTURAL CHANGE
9*2.1 When p.f.-sized particles of bituminous coal are heated for between 
150 ms and 500 ms in both air and nitrogen at temperatures up to 650°C, 
they show a degree of structural change which is characteristic of the 
treatment temperature.
9.2.2 Above about 550°G, all such coals form chars of four main types: 
thin-walled hollow spheres (balloons), thick-walled hollow spheres- (C-shaped 
chars), spheres with many internal partitions (lacy) and solid particles.
9.2.3 Fusain produces solid particles but the other char types cannot be 
related precisely to particular lithotypes. However, vitrains and clarains, 
composed mainly of vitrinite, tend to form thinner-walled chars than durains 
composed mainly of exinite and inertinite. The complexity of internal
structure of the vitrinite chars increases with decreasing rank#
9*2.4 Luring the initial stages of residue combustion, the particles 
bum at approximately constant diameter, by irregular erosion of their 
outer surfaces, producing large holes, then by attack both on the outer 
surfaces and within the particles. The particle structures become increasingly 
open until they break up.
9.2.5 In large flames, the smaller, lighter particles tend to be 
recirculated and the chars most likely to appear, as unbumt carbon are the 
thick-walled and lacy spheres.
9*2.6 Ash appears to have little influence on the course of combustion.
Of lesser importance:
9.2.7 (a) In both air and nitrogen, only the so-called ’’high-swelling"
coals form particles which are.true cenospheres (as originally 
described by Sinnatt). In air treatments, however, these particles 
are not so well developed as in nitrogen, the ribs being wider and 
less well-differentiated from the membranes.
(b) At the same temperature, the internal structures of nitrogen- 
treated chars are more open than is the case in air-treated samples 
and balloon types occur, more frequently.
(c) In nitrogen, carbon dioxide and simulated flue gas, particles 
become more fluid and mobile than in air. This is particularly 
marked in medium rank coals and in the smaller size ranges.
(d) Most hollow spheres have holes in their surfaces. In nitrogen- 
treated chars, these are smaller and less numerous than in air-treated 
chars and in the latter, are larger in samples extracted from flames 
than in those treated below ignition temperature. Surface holes can 
be many microns in diameter.
(e) Fragmentation of particles is .either "granular" in which small
pieces ‘become detached, or "plate-like” when whole sections of the wall 
lift off. "Granular" fragmentation is characteristic of low-rank 
coals. "Plate-like" fragmentation occurs especially in medium-rank, 
coals.
(f) The behaviour of anthracite is similar to that of fusain but the 
amount of volatile matter evolved is smaller and the rate of reaction 
is much lower. No hollow spheres are formed.
• 3 SWELLING
9*3*1 The swelling of bituminous coal particles, heated in suspension at
rates simulating those obtaining in boilers, does not correlate well with
the 23.S. Swelling Index, although particles of medium rank coals swell more 
than those of coals of both higher and lower ranks.
9*3*2 Particles swell more in nitrogen, carbon dioxide and simulated 
flue gas than in air, the extent of swelling for a given rank depending 
also on the duration and temperature of treatment and on the size of the 
particles.
9*3*3 Particles whose diameters are between 250 jim.and 1000 -pm swell
more than those within the p.f. size range. As size decreases, the swelling
becomes more nearly isotropic.
9*3*4 Particles heated at temperatures below ignition in air, show a well 
defined maximum of swelling at about 550°C, followed by contraction. At 
temperatures above ignition, a maximum of swelling occurs at the flame front 
followed by a period of contraction. Thereafter, the particles b u m  at 
constant or slowly decreasing diameter until they fragment at approximately 
80 per cent burnout.
Of lesser importance:
9*3*5 (a) In nitrogen, swelling increases progressively during
devolatilisation. No subsequent contraction occurs.
(b) Anthracite particles were not found to swell under any of 
the test conditions employed*
.4 APPARENT ANN BULK DENSITIES 
9*4*1 Values obtained for the apparent and bulk densities of samples of 
pulverised coal and coal char were found to confirm the picture of 
structural change deduced from microscopical examinations and swelling 
measurements•
Of lesser importance:
9*4*2 (a) In nitrogen, at temperatures up to 650°C, a fairly uniform
decrease in apparent density occurs*
(b) At temperatures below ignition in air, the apparent density 
goes through a well defined minimum (which coincides approximately 
with the peak in swelling), before increasing as the ignition 
temperature is approached.
(c) Above ignition, the rapid swelling which takes place at the flame 
front results in a sudden decrease in bulk density. Along the length 
of the flame, the bulk.density falls progressively until fragmentation 
occurs, when it increases.
5 SURFACE AREA
9*5*1 When using the technique of xenon adsorption at 0°C, the measured 
values for the surface area of samples of both untreated coal and char 
particles are two or three orders of magnitude greater than the calculated 
values for the external (equivalent-sphere) surface area of the same particles. 
It is probable that most of the measured surface exists in pores of 
molecular diameter.
9*5*2 During combustion, the specific surface areas of chars of both low and 
medium rank coals decrease progressively from the early stages of 
devolatilisation through to ash formation.
Of lesser importance:
9*5*3 (a) I*1 low rank coals, both the untreated p;f. and the flame
solids in the early stages of devolatilisation possess higher 
specific surfaces than similar particles of medium rank coals.
During the later stages of burnout, the surface areas become 
almost identical.
(b) The specific surface areas of both the untreated particles 
and chars of the lithotypes clarain, vitraiii and durain are in 
descending order of magnitude.
.6 TEMPERATURE MMSUREMENTS OF SINGLE PARTICLES 
9*6.1 At temperatures below about 400°C, coal particles behave essentially 
as black-body radiators. Coal char and ash particles, at temperatures between 
400° and 1000°C, are non black-body radiators, the emissivities at 4*5 pm 
being consistently greater than those at the 3*1 pm wavelength. Typical values 
for ash emissivities at 900°C are 0.6o(at 4*5 pm) aJid. 0*38 (at 3*1 pm)j 
char, at the same temperature, the emissivities are 0.81 (at 4*5 pm) and
0.68 (at 3*1 pm).
9*6.2 When single 250 pm and 1000 pm diameter particles, of a range of 
coal ranks, are rapidly heated in air, typically their temperatures rise 
fairly steadily during devolatilisation and contraction, and thereafter 
increase rapidly, reaching a maximum at the beginning of residue combustion. 
During the burning of the residue, the particle temperatures remain constant 
or decrease slowly.
Of lesser importance:
9*6*3 (a) When similar particles to those described in 9*6.2 are rapidly
heated in atmospheres of nitrogen, carbon dioxide and simulated flue 
gas, their surface temperatures rise uniformly with time, at a rate 
which is characteristic mainly of particle size. ,- .
(b) Alone among the lithotypes, particles of fusain when rapidly 
heated in air, produce a characteristic pattern of temperature change 
with time.
.7 MATHEMATICAL MODEL (SINGLE PARTICLE COMBUSTION)
9*7*1 The area of radiating surface required to give reasonable agreement 
with the experimental results is greater than that resulting from simple 
swelling. It is suggested that this may be accounted*for by fragmentation 
and dispersal at advanced stages of particle burnout.
9.7.2 Between 1£50° and 1500°K, the velues for the surface reaction rate 
coefficient of the chars investigated are between 0.04 and 0.20 times those 
of the best available data for carbon surfaces other than pyrolytic graphites. 
These differences may be due to the porous, nature of the chars inferring that 
despite the presence of internal combustion not all of the surface available 
is -utilised. No simple relationship was found to exist between the surface 
areas theoretically required for combustion and those measured by xenon gas 
adsorption at 0°C.
9.7.3 The combustion of the great majority of particles within the 
pulverised coal size range is chemically controlled.
,10.0 SUGGESTIONS FOR FURTHER WORK
10.1 SIZE CHANGES
Certain points arose during the experimental programme which, it 
is suggested, warrant further investigation. The first concerns the size a
changes undergone by coal particles from the time of their entry into the 
combustion chamber to their removal as ash. The swelling characteristics 
of a few coals were determined, representative of extremes of likely 
behaviour, but these results need substantiating with coals of every rank.
. Information is especially required on size changes occurring as the particle 
fragments, to determine more precisely the area of radiating surface and 
relate this to burnout. Measurements of size distributions in large flames 
could attempt to differentiate between particles which are essentially ash 
and those which are predominantly combustible matter. From a design aspect, 
it would be useful to know how the size distribution of each type of 
particle varies within the combustion chamber. For partially burnt particles, 
more information needs to be obtained on .their optical properties in the near 
infra-red to supplement the data already obtained. This information is 
particularly important in the tail of the flame where fragmentation is well 
advanced and where ash predominates over the combustible matter.
10.2 REACTING SURFACE
Measurements of surface reaction rate coefficients were made, and 
should be extended to investigate more thoroughly their dependence on 
fuel type and temperature, but it would be preferable if these rates could 
be|based on actual reacting surface and not on the arbitrary external 
equivalent-sphere surface. In this way, it may be possible to dissociate the 
separate effects of porosity and surface composition. No simple correlation 
could be found between the surfaces measured by xenon adsorption at 0°C and
the true reacting surfaces, and the determination of the latter would be 
difficult. However, an approach could be made through measuring the pore 
size distributions (and particularly the distribution of the larger pores) 
and it may be feasible to relate changes in the pore size distribution •
(and by inference the surface area reacting), to carbon loss along the flame. 
Theoretically, it should also be possible to calculate from diffusion theory 
what area of surface is potentially available, knowing the porev sizes involved, 
and the time available for reaction.
10.3 DEVOLATILISATION
Probably less is known about devolatilisation than any phase of coal 
combustion. Most measurements of rates of devolatilisation have been made 
using nitrogen atmospheres, but the considerable differences in swelling 
behaviour and structural change which exist between particles treated in 
nitrogen and those treated in air, suggest that caution should be exercised 
in the application of these results to combustion systems. Attempts should 
be made to determine rates of devolatilisation under more realistic 
conditions to check on the measurements in nitrogen. In the author's 
mathematical model, the largest discrepancies between the measured and 
predicted results for particle burnout occurred during the period of volatile 
evolution. In this case, the discrepancies could not be attributed to poor 
simulation of the rates of evolution since the rates were adjusted empirically 
on the computer to achieve the best agreement with the experimental values. 
However, other factors could have been involved. For example, the fact that 
particles treated in air and nitrogen'swell to different extents has also 
suggested that oxygen arrives at the surface of the. particle even during the 
time when volatiles are being actively expelled. This being so, it would 
seem feasible for residue combustion to proceed simultaneously with 
devolatilisation. This proposition needs confirmation. Again,_ devolatilisation
is characterised by the presence of soot. More; information is required 
on soot concentrations existing in pulverised coal flames, the limiting 
conditions for its formation and on the rate of its combustion. As a 
radiator, soot may play an important role in the mechanism of heat transfer 
from flames.
10.4 TEMPERATURE MEASUREMENT ‘
Finally, although this is not concerned with the physical nature 
of coal chars, it is suggested that the temperature measuring device be 
developed further. For example, the filter oscillator, although satisfactory 
for current purposes, is limited both in the speed of its oscillation and 
in its stability. A double-beam system in which the radiation is 
alternately made to pass through two filter banks, using a revolving mirror, 
may be preferable. A redesigned mirror system would permit more thermal 
energy to be collected and result in greater flexibility and accuracy.
The instrument has a great potential not only in the field of combustion 
measurements but as a means of rapidly measuring changes in temperature 
when the target area is small and/or the temperature level is low.
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APPENDIX 1
SINGLE PARTICLE HEATING EQUIPMENT
The particle heating enclosure was essentially a box constructed 
of heat resistant material (sindanyo) in the walls of which were mounted 
four biconvex lenses, 76mm diameter and 50 mm focal length, of soft glass.
Two adjacent lenses were backed with plane mirrors. Two 1000 watt, 240 volt 
tungsten-filament lamps, each with its own reflector and collimating lens and 
provided with a supply of cooling air from a small fan, were positioned local 
to the box. The radiant energy from the lamps was concentrated on the coal 
particle situated at the focal point of the lenses, in the centre of the 
enclosure. Any energy which bypassed the particle was reflected back via 
the opposite lens and backing mirror. The result was that the particle was 
heated evenly from four sides. Thin brass shields inserted between the 
lamps and the lenses of the box ensured that the particle was not exposed 
to the radiant energy prematurely. The shields were manually removed at the 
commencement of each period of heat treatment (see Appendix 4)• In addition 
to the lamp system, there was a preheating facility consisting of two, 200 watt 
quartz iodine lamps mounted at the bottom of the box. These lamps could heat 
the atmosphere of the box to about 400°C.
The particle was mounted centrally on a quartz fibre, 30 pm.diameter, 
running horizontally between the prongs of a hollow stainless steel fork, 
which was itself suspended from the top surface of the box. Stationer^ 
gum proved very successful for mounting,, and care was taken to ensure that 
only the area of the particle next to the filament received a coating of 
adhesive.
I. If required, a coal gas flame, 2 - 3 nim diameter, could be located 
on the tip of a quartz hypodermic needle about 10 mm above the particle.
The needle was connected to the town mains gas supply and entered the
enclosure through a 10 mm diameter hole cut in the sindanyo casing. The 
hole was sealed when the gas flame was not used.
A second hole, 20 mm diameter, cut in the floor of the box enabled 
the particle radiation to pass to the collecting mirror of the detector.
Provision was made to change the atmosphere of the enclosure as 
required. For this purpose, a small bore tube of stainless steel 
penetrated the top wall and was connected, through a reducing valve, to 
a supply of compressed gas. A rotameter monitored the flow, which was 
normally kept at 3*30 x 10~^m^/sec (2 ,1/min). Tests showed that when the 
projector lamp cooling fan was running a significant amount of air-inleakage 
occurred, consequently when gaseous atmospheres other than air were employed, 
the fan was not run. A maximum heating period for the lamps of about 
10 seconds duration could be tolerated before over-heating became apparent.
Finally, a quartz window (diameter 25.4 non) was positioned in one 
comer of the box for observation purposes (Fig. 1, Plate 49)*
•APPENDIX 2
SINGLE-PARTICLE PREPARATION
The test sample was coarsely ground using a pestle and mortar 
and 1000 pm and 250 pm diameter particles were cut from the larger pieces 
of coal to an approximately cubical shape with a scalpel, 100 pm diameter 
particles were obtained from the sieve range 90 to 105 pnu Before mounting, 
the particles were accurately measured in three dimensions using a Projectina 
projected image microscope. Irregularly shaped particles and those containing 
obvious mineral matter inclusions were not considered.
APPENDIX 5
HIGH SPEED CINE PHOTOGRAPHY
A Fastax camera fitted with two, 360 mm extension tubes and a 
135 nim f8 Repro-Claron lens was used for cine photography. The camera 
speed and duration of filming were regulated using a Weinberger speed 
control unit and timer. Normally two voltage settings were employed,
35V and 28Y, corresponding to maximum speeds of approximately 1250 and 
700 frames per second and filming periods of about 3*5 and 7 seconds 
respectively. A 100 Hz film marker was incorporated in the camera.
100 foot lengths of 16 mm film were used exclusively. Kodak Tri-X 
or 4-X was used for black and white representation and Anscochrome D/200 
Daylight Reversal film for colour. Normally a lens setting of fl6 or f22 
was used for the blaok and white film and f11 for the colour film.
v
APPENDIX 4
SINGLE PARTICLE STUDIES; METHOD
A typical procedure for simultaneously measuring the surface 
temperature and obtaining a photographic record of the combustion of 
single particles was as follows:
1. The detector amplifier and cell bias battery were switched on for 
at least 30. minutes prior to the determination and the cell was topped up 
with liquid nitrogen every 15 minutes. Prom previous experience, a suitable 
amplifier gain setting was selected.
2. The ultra-violet (U.V.) recorder was switched on to warm up. The 
paper speed setting and timer grid-line frequencies were adjusted as required. 
Both 100 Hz and 50 Hz grids were normally superimposed on the U.V. recorder 
trace.
3. A particle was mounted on the quartz fibre supported between the 
prongs of the holder fork and the holder lowered into the heating enclosure.
At this stage, a small coal gas flame could be located approximately 10 mm 
above the particle or the enclosure could.be flushed out with gas of the 
required composition.
4. With the aid of a lamp to produce a silhouette and a cathetometer 
sighting tube, the concave mirror of the temperature measuring device was 
adjusted to line up the particle, with the field stop aperture.
5. The Fastax camera was focussed on the particle, loaded with film 
and the lens stop adjusted. The film speed controller and timer were set.
6. The detector chopper was started together with the filter oscillator. 
The paper feed of the U.V. recorder was switched on to obtain a zero trace.
The feed was then stopped.
7* The lamp cooling fan was switched on, (except when the run was a short
one or when gases other than air were being used in the box and there was 
a likelihood of air-inleakage).
8. In rapid succession the paper feed of the U.V. recorder was started, 
the camera motor switched on and the lamp shields pulled away. It was 
arranged that lifting the lamp shields operated a relay and supplied a 
marker on the paper record. The amplifier gain setting could be manually 
switched during the run depending on the energy level available.
(THE PARTICLE WAS HEAT TREATED)
9# The camera motor was automatically cut off, and the paper feed of the 
U.V. recorder, the lamps and the cooling fan, and the detector chopper and 
filter oscillator were manually switched off. The U.V. recorder paper was 
developed by exposure to daylight•
The traces corresponding to the two filters (displayed as a square 
wave) were measured taking into account any zero correction (Fig. 9)«
The lifting of the lamp shields, accomplished in about 5 milliseconds, 
enabled the first full image to be recorded on the film and simultaneously 
marked the commencement of heat treatment. l/50th and 1/lOOth second*grid 
lines on the paper record and .the 1/lOOth second marker on the film 
provided additional reference points for synchronisation.
APPENDIX 5
TEMPERATURE MEASURING DEVICE
.1 BASIC-INSTRUMENT *
Radiation from the heated particle was received by a plane mirror 
and subsequently focussed by a concave mirror (j6 mm diameter, 254 nim focal 
length) onto an aperture plate"1** This consisted of a brass slide drilled with
-f r
a series of five holes of diameters ranging from 100 yim to 2000"pm to enable 
different fields of measurement to be defined (Section 6.1.4** Pig.1, Plate 49)* 
After passing through the (selected) aperture, the radiation was 
interrupted firstly, at a frequency of 2.5 kHz by a mechanical chopper which 
was driven by a mains-sychronous motor, and secondly, at a frequency of 100 Hz 
by a pair of oscillating narrow band; pass filters. The latter formed the 
basis of a system of two-colour pyrometry. ' Finally, the radiation was allowed 
to flood the sensitive surface of a liquid-nitrogen-cooled indium antimonide 
cell (Section A5.1.1).
The electrical conductivity of the photoconductive cell varied in 
relation to the intensity of the radiation falling upon and being absorbed 
by its detecting surface. In practice, the cell was fed with a constant
current of about 2 mA from a dry cell battery and changes in incident
>
radiation could thus be measured as changes in cell vdtage which, after
* The author’s colleague, Mr. J.H. Bach, (formerly of S. Smith and Sons,
, Wembley) was largely responsible for the design of the basic 
instrument and electronics.
** Both mirrors were front-silvered to eliminate infra-red absorption by 
the glass.
+ To correct for astigmatism in the collector mirror system it was found 
necessary to provide a supplementary lens made of artificial sapphire 
and positioned 52 mm in front of the aperture plate. This lens was 
manufactured by Gooch and Housego Ltd., Comhill Factory, Ilminster, 
Somerset, to the specification of A.G. Bach, Esq., Optical Systems 
Consultant, 99 Hartley Down, Purley, Surrey. The lens was of 1-J- dioptres 
power, piano-cylindrical convex, 12.7 mm diameter, 3.2 mm thick. This 
modification was effected immediately before the main trials.
++ Each hole was tapered to minimise interference by reflection.
amplification, could be displayed and recorded. An ultra-violet recorder 
was found suitable for this purpose. The amplitude of the signal recorded 
was a measure of the difference in radiant energy emitted by the particle 
and the chopper blades since the cell alternately "saw” the two surfaces.
The.chopper blades were painted matt black to ensure an optically grey 
surface, and operated at room temperature. Errors caused by small 
variations in chopper temperature.(- 5°C) had a negligible effect on the 
measurements.
A5.1.1 Choice of Detector
The requirements for a detector were these: j
(1) a response to radiation at wavelengths between 1.5 pa and 6.0 pa
corresponding to the peak intensities from particles,whose 
temperatures were between 500°K and 1900°K.
(2) a time constant of less than 10 microseconds, since it was
desirable to chop at a frequency of 1-10 kHz to minimise
i, amplifier noise.
/ \ -10 *
(3; a Noise Equivalent Power of 1 x 10 watts.
With the following assumptions: particle diameter 250 pi;
working temperature 500°K aaid emissivity 0.5; a filter centred at 3*0 p 1
with a 0.5 pa half-width and filter transmissivity of 60$ (see Section A5.1.3)
a cell response 50$ of maximum; a collector mirror diameter 76 nim, with
particle-to-mirror distance 610 mm (the latter as finally adopted) it was
-9
calculated that the power available at the detector was about 1 x 10 watts.
-10Therefore, a N.E.P. of 1 x 10 watts was required assuming a minimum 
signal-to-noise ratio of 10 to 1.
Of the detectors available, only, a liquid-nitrogen-cooled indium
*  *
antimonide cell met all the requirements and a Mullard cell, type EPY 3*1» 
was finally selected.
* Noise Equivalent Power (N.E.P.) defined as the minimum radiation input 
which will produce a .signal-to-noise ratio of unity.
** Manufactured by Mullard Ltdi, Torrington Place, London, W.C.1.
A5.1.2 Electronics
A block schematic diagram of the electronics is shown in Pig. 24*
The output signal from the cell, modulated by the chopper, was
amplified and demodulated in a transistor ring driven by a reference phase
signal. The latter was obtained from a photoelectric pick-up on the chopper
which was activated by an under-run filament lamp. The system was
insensitive to variations in the speed of the chopper drive motor (homodyne
principle) (123).
After filtering, current proportional to the input voltage was fed
into the 40 .ohm 1.6 kHz galvanometer of an ultra-violet recorder,. A gain 
2 4of 10 to 10 could be realised. .
A5.1.3 Filter Oscillator
To measure surface temperature, the method of two-colour pyrometry 
wasiadopted in which the intensity of radiation was compared at two discrete 
wavelength bands (Section A5.2.3). The choice of the two-colour method was 
in the main dictated by the requirement for a system which was insensitive 
to target area (124, P*419) since the size Of the particles was known to 
change during heat treatment.
Filters
•jf
In the device, two narrow bandpass filters were alternately 
interposed in the beam of radiation. The filter wavebands peaked at 
approximately 3.1 and 4*5 p& with a transmission of approximately 60$, and 
at half-peak height, the bandwidth was 0.5 pm. The background transmission 
did not exceed 0.1$ (Fig. 25).
i The wavebands were selected by a process of elimination. The 
detector itself was sensitive ,to radiation between about 0.8 pm and 6.0 pm 
but only part of this band could be considered, since it was essential to  ^
avoid detecting reflected projector lamp energy which would be added to the
* Manufactured by: Sir Howard Grubb Parsons Ltd., Walkergate,
. Newcastle-upon-Tyne.
particle's own radiation and falsify the temperature measurements. The 
hulk of the projector lamp energy was below 2.0 pm and since soft glass 
cuts off infra-red radiation above about 2.5 pm, it was convenient to use 
the lenses of the heating system as an i.r. screen in themselves.* (125,p*355) 
Within the 2.5 pm to 6.0 pm waveband, two factors had to be taken 
into account in positioning the filters:
(i) they had to produce as large a cell output ratio as possible for
maximum accuracy.
(ii) the wavelengths had not to include absorption bands of compounds
'! known to be important in the combustion reactions. These included
carbon dioxide (at 2.7 pm and 4*3 pm), water vapour (2.5 pm - 2.9 pm 
and 4.8 pm), carbon monoxide (4*7 pm) and hydrocarbons (approximately 
3.5 p). (3,Ch.4).
Oscillator
The requirement was for an oscillator which' alternately interposed 
the filters in the beam of radiation:
(a) at a high enough frequency to enable rapid temperature changes in 
the particle combustion cycle to be recorded, but low enough compared 
with the chopping frequency (2.5 kHz) to eliminate the effect of 
switching transients, (it may be noted that the time constant of 
the cooled detector itself was of the order of 5 microseconds).
(b) which was fairly simple in conception.
j An effective solution was found to the problem by adapting an
electric shaver as the driving mechanism. A take-off on the cutter drive 
was used to vibrate a silver steel rod, to. one end of which was attached a 
small frame containing the two filters mounted side-by-side; in a bed of 
silastomer. The whole filter oscillator was enclosed in a box and mounted 
behind the chopper (Plate 50).*
* Subsidiary experiments using a front-silvered mirror in the position 
normally occupied by a particle showed that this system was totally 
effective.
By this means, each filter was interposed in the beam of radiation 
at a frequency of 100 Hz. The amplitude of oscillation was controlled by 
a series resistor and in practice was about 3 mm.
.2 CALIBRATION
A3.2.1 Standard Source; The Blackbody Furnace
To express the output signal' of the. cell in terms of temperature 
a standard calibration source was required. This was provided by a 
black-body furnace capable of operating up to 1500°C (Fig. 26).
The furnace was constructed using a graphite cylinder approximately 
50 mm long and 12 mm diameter, wound with platinum/lO$ rhodium wire and 
heavily lagged. The radiating cavity was conical in shape, 25 mm long 
and .5 mm wide at the mouth, a cone of pyrophyllite being used to minimise 
end losses. A platinum/l3$ rhodium v platinum couple was inserted into the 
other end of the block and the tip of the couple was arranged to be about 
1 mm beneath the surface of the graphite' at the apex of the cavity. A 
small flow of nitrogen was delivered to the mouth of the cavity to minimise 
oxidation of the graphite block during operation. The black-body furnace 
temperature was controlled using a variable output transformer and an 
independent check on the accuracy of the thermocouple reading was effected 
usipg a disappearing filament pyrometer whose performance had previously 
been established at the N.P.L. The pyrometer was focussed on the mouth 
of the cavity at the same position as that "seen" by the surface temperature 
device. (The brightness temperature as indicated by the disappearing 
filament pyrometer was equivalent to true temperature within the limits of 
accuracy of the apparatus).
A5.2.2 Calibration of the Amplifier. Amplifier Linearity
Calibration of the amplifier, over its whole range of operation was 
carried out by feeding signals of defined voltage into the pre-amplifier
(thus bypassing the cell) and recording the outputs using the ultra-violet 
recorder.
Linearity was established by taking readings on all amplifier gain 
settings with the black-body operating at several different temperatures.
It was found that the ratio between the amplifier outputs at the various 
gain settings was the same irrespective of temperature.
A5.2.3 Calibration Curves: Two-Colour Pyrometry
Two-Colour Pyrometry
In the method of two-colour pyrometry, the intensity of radiation 
from a body is compared at two distinct wavelengths. From the ratio of the 
intensities so obtained, the colour temperature can be derived. The colour . 
temperature of a body may be defined as the temperature at which a black- 
body would emit radiation having .the same ratio of spectral radiances at 
the two prescribed wavelengths (126, p.164)* If the assumption can be made 
that the emissivity is the same at both wavelengths, or if the eraissivity 
of the body at each wavelength is known, the technique can be used to 
measure the true temperature of the source.
Emissivities Equal but Possibly Unknown
In this case, colour temperature is equivalent to the true temperature• 
Thus from Planck’s law relating the energy-radiated from a body at a 
particular wavelength to the temperature of that body, the two radiant 
intensities are given by: (3,p.15)'.
C „  v -1
. where,
VX9 VX = radiation emitted by the body per unit surface area 
1 2 '
per omit wavelength into a hemisphere, at wavelengths
X1 and respectively, at temperature T.
= emissivities of the body at wavelengths Xj a n d ^  
respectively, at.temperature T.
T = absolute temperature of the body
= radiation constants
£_ = 6.^ , i.e. the subject is a black-body or a grey-body, the
:wo :
may be expressed:
Where
N  ' 'z
ratio of the t intensities is a function solely of true temperature and
' \
w r  - ' . * < * >  :
The response of the detector to radiation will depend on its spectral 
detectivity D * (X) (127,P*429)^ an^ on ^.e sPec^ral transmission of the 
individual filters. If the detector response corresponding to Yk and W,A1 Ag
is given by Ik and Ik then calibration curves may be drawn (i) in which
the ratio IK /Dy is related to black-body temperature (ii) in which D-»
A1 2 1 
and Ik are individually related to black-body temperature (Pigs. 27,28).
h.
The ratio may be used directly to determine the true temperature of the 
radiating source and is independant of its area. Emissivity is obtained 
as the fraction of the cell output appropriate to either filter to the 
corresponding output obtained when using a black-body at the (derived) 
true temperature. In this case, it is essential to consider identical areas. 
Emissivities Known but Unequal
When the two emissivities are not identical, the colour temperature 
will be greater or less than the tirue temperature depending on the variation
$ D* is the detectivity (if.E.p. ) reduced to unit band width and unit area 
so that cells of different area and.wavelength response may be compared.
of the emissivity with wavelength. ■ In this case,, true temperature may 
he derived if the spectral emissivities at the two wavelengths (at 
approximately the true temperature) are known.
Thus j
v V ,
\  f T
The ratio of the cell responses is corrected by the inverse ratio 
of the two emissivities. True temperature may then be read off the ratio 
calibration chart as before.
A5.2.4 Factors Influencing the Calibration 
Apparatus Stability
Experience showed that between calibrations it was essential to 
leave the filter oscillator undisturbed if maximum reproducibility were to 
be assured. Very small areas of each filter were used and it is possible 
that slight movement in the filter assembly resulted in the use of different 
areas of filters with different characteristics.
Focussing and Alignment •
It was important to have the .object in focus at the chopper with the 
field aperture defining the.correct part of the image. The fixed-focus 
instrument required that particles were always positioned the same distance 
away relative to the plane mirror. Alignment was achieved by adjustments.; 
of the concave collector mirror. As an aid to positioning, the field stop 
was painted white and the particle illuminated from behind (by a light sited 
at the top of the hollow fork) so that its silhouette was seen at the stop 
aperture•
Gas Absorption
Within the range of wavelengths considered, carbon dioxide, carbon 
monoxide, water vapour and hydrocarbons were known to selectively absorb
radiation. Therefore, it was decided to assess experimentally the influence 
of a selection of relevant gases on the attenuation of radiation and the 
ratio of the cell outputs. Unfortunately, there is no simple mathematical 
relationship between the path length and absorption of radiation when 
dealing with a wavelength band spread (as opposed to a single wavelength) 
and the degree of attenuation was of necessity determined empirically (128,p. 
To this end, a 100 mm long infra-red sample container was located between 
the particle heating enclosure and the detector. The black-body furnace 
provided a radiation source. The sample container was evacuated and 
filled with gas at atmospheric pressure. For. path lengths less than 
100 mm, the appropriate concentration of each gas was computed to give the 
equivalent length and mixed with diluent gas, nitrogen, which was shown to 
have no measurable absorption.
TABLE 23
Absorption Characteristics of Various Gaseous Mixtures
Absorption expressed as a 
percentage of .total incident 
radiation
100 mm path 10 mm path 
(effective)
1 mm path 
(effective)
Mean wave length of band pass filter, pn
Absorbing gas 3.1 4.5 3.1 4.5 3.1 4.5
Propylene 58 12 32 1 7i NIL
Carbon 'Monoxide p J L 55 NIL 20 NIL
Carbon Dioxide NIL . 23 u 11 t i 4ir
Air NIL i t NIL i t NIL
Nitrogen u II t i i i i i i i
It was concluded that when the normal air atmosphere of the heating 
enclosure (maximum path length about JO mm) was changed to carbon dioxide
or synthetic flue gas, it was imperative to carry out the initial calibrations 
using the same atmospheres as those required for the particle treatments.
During combustion in air, however, and for the range of particle sizes 
considered (maximum diameter 1 mm) the influence of absorbing gases would not 
be significant. One of the most important factors influencing the design of 
the temperature measuring apparatus was that the particles should be examined 
from beneath to minimise the possible effects of absorption by the film of 
rising combustion products. Except during the devolatilisation phase when 
hydrocarbons were evolved - often in vigorous spurts - the photographic records 
showed that the effective path length for absorption was likely to be less than 
5 It must also be noted that within the film of combustion gas
surrounding the heated particle, the concentrations of any of the potentially 
absorbing gases would be reduced from the concentrations employed in the test 
measurements.
Cell Cooling and Fatigue
For short runs such as occurred during the particle heating cycles, 
the cell suffered from no apparent fatigue and. was tolerant to fluctuations 
in liquid nitrogen level provided that the cell dewar was kept at least one 
- third full.
A5.3 MEASUREMENT OF PARTICLE EMISSIVITIES 
A5.3.1 Apparatus
To measure the emissivities of coal char and ash particles, a 
cylindrical sample holder, 15 mm long and 8 mm o.d., was turned from a copper 
block and drilled along its main axis to receive a 0.5 mm o.d. sheathed 
chromel-alumel thermocouple. The thermocouple was cemented into position 
using a small quantity of Autostic refractory.cement, so that its hot 
junction was flush with the lower surface of the.cylinder. The latter was 
then coated with a layer of particles - 2 or 3 particles thick - using 
stationer’s gum as an adhesive.
In use, the copper cylinder was located at the focal point of radiation 
from the projector lamps, "being suspended from the roof of the heating 
enclosure by means of the thermocouple* The thermocouple thus served the 
dual purpose of a support filament and a means of temperature measurement.
Copper was chosen as the material of construction primarily because 
of its high thermal conductivity. The lamps were capable of raising the 
temperature of the cylinder to about 1000°C (the melting point of copper is 
1083°C) (129,p.106). •
A5.3.2 Method
In measuring emissivities,. it is essential that the target should 
occupy the whole field of view of the detector, and the 250 pm aperture was 
used exclusively. The infra-red detector was aligned on the particle coating 
and the block was heated for a few minutes to ensure temperature uniformity, 
before the thermocouple output was measured using a potentiometer. 
Simultaneously, the amplified outputs of the indium antimonide cell were 
recorded. To prevent burnout of the char particles during the determinations,, 
the heating enclosure was filled with nitrogen, which for the path lengths 
employed had no measureable absorption.
To derive the emissivities, the cell outputs corresponding to each of 
the 5*1 pni and 4*5 p111 filters were compared with the corresponding outputs 
when using a black-body at the temperature indicated by the thermocouple 
(of the block)•
.4 ESTIMATE OF ACCURACY
A5.4.I Emissivities Equal but Possibly Unknown
When dealing with black-body calibrations and in cases where the two 
target emissivities were known to be equal, the following sources of error 
had to be taken into account:
(i) Cell Response Ratio - Temperature Relationship
The principal calibration chart was for cell response ratio against
temperature as observed by the black-body thermocouple. Experience showed
that frequent calibrations were essential to maintain an acceptable degree
of reproducibility. This was probably associated with small movements Of
the filter oscillator assembly (Section A5.2.4). Calibrations were performed
before and after each series of experiments which normally were of about one
week’s duration.
(ii) Black-body Thermocouple - True Temperature Relationship.
The black-body thermocouple differed from the true temperature as
given by the standard disappearing filament pyrometer. At temperatures
above 1000°C, the difference amounted to about 20°C.
In the analysis of experimental data, the temperatures of (i) were
corrected by an amount derived from (ii). From the series of points thus
obtained in the two calibration runs (see above), relating true temperature
to cell response ratio, a regression' curve was produced using the C.E.G.B.
Computing Department’s programs REG 1 and EVPLOT. 90 per cent confidence
limits were then applied to the curve relevant to the determination of
individual particle temperatures, in the associated trials. (Pig. 27).
A5.4.2 Emissivities Known but Unequal
When the emissivities were not identical but were known, the overall
accuracy of measurement depended, in addition, on the accuracy with which
the individual emissivities were determined (Section 6.1.4). For coal char
particles^ the uncertainty in the estimate of true temperature due to
+ ouncertainty in the measurement of emissivity alone was less than - 10 C.
+ 0For coal ashes the figure was - 50 C.
APPENDIX 6
THE VERTICAL TUBE FURNACE
A6.1 THE MAIN TUBE
Particles were heat treated in a vertical quartz tube 1553 nrn long 
with walls 2 mm thick. The top section of the tube was tapered 508 ®® long 
and incorporated a small side arm which butted against the preheater tube 
(Section A6.3 below). At its narrowest end, the tapered section was 25*4 ®® 
i.d. and it expanded outwards to meet the main section. This was of uniform 
cross section, 50.8 mm i.d. Both the straight and the tapered sections were 
provided with short stubs, 6.4 mm i.d., 13 nnn long which served as sampling 
ports and were .located at irregular intervals along the length of the tube. 
The ports were most closely spaced in the region of the expected flame front. 
Six additional stubs positioned at regular intervals and diametrically 
opposed to the sampling ports contained platinum/1 y]o rhodium v platinum 
sheathed thermocouples which were connected to a multipoint temperature 
recorder. The couples were set in refractory cement and located so that 
their hot ends were flush with the inner surface of the tube (Figs. 2,5)#
Three banks of six, 1-g- kW 240 volt electric fire elements surrounded 
the tube. In each bank, two sets of 3 elements in parallel were connected 
in series and were backed by insulating fire brick, layers of refractory 
wool and aluminium foil. The whole was encased in sindanyo sheet 13 ®m 
thick. A 6 mm wide slot was cut into the insulating enclosure along the 
entire length of the main section, thus. exposing the inner quartz tube and 
permitting visual observations to be made. Clips set horizontally across 
the slot retained short lengths of alumina tube packed with refractory wool 
which served to seal the sampling ports, and minimise air inleakage into the 
tube. Two aluminium rods running vertically either side of the slot formed
the runners for a small table to support the sampling probes, A pointer
on the table provided a datum to facilitate accurate probe positioning,
A6.2 COAL FEEDER AND PRIMARY GAS SUPPLY
Air-dried pulverised coal was contained in a cone-shaped hopper
attached to a small laboratory vibrator, whose output was controlled by a
Variac transformer, A hole cut in the apex of the cone enabled coal to flow
from the hopper into the funnel inlet of a venturi-mixer. The dimensions
of the hole could be adjusted by a movable slide which formed the basis of
a feed control system, (A second control was the setting of the vibrator
Yariac), The upstream end of the venturi was connected to a rotameter
-5 ~ -1and small air compressor. A p.f. feed rate of approximately 4«0 x 10 kg sec
(2,5g min" ) required about 1,0 x 10 m sec" (0.6 1 min" ) flow from the
-5 3 -compressor to entrain the coal. Together with the coal, about 0,6 x 10 V s e c  
—1(0,4 1 min ) of air were drawn into the system by venturi suction, making /
—5 3 -1 / —1 \a total of about 1,6 x 10 Jw  sec (1 1 min ) of primary air, V/hen gases
other than air were used in the system, a cylinder of compressed gas was
substituted for the compressor and the funnel of the venturi-mixer was
blanketed by gas bled off from the main supply.
A6.3 SECONDARY GAS SUPPLY
The secondary flow, normally between 4*8 x 10"^ and 6 .4 x 10 ^m^ sec ^
/ -1 \ *
(30 - 40 1 min ) was supplied either by an Edwards RB4 compressor if air
was used, or from a cylinder when gases other than air were employed. In
both cases, the flow was monitored by a rotameter. The gas was then made
to pass through a quartz tube 13 mm bore,1830 mm long. Two close spirals
of Brightray "C" 17 s.w.g. resistance wire, one inside the tube, the other
wound around the outside, formed the heat source and were insulated in a
similar manner to the vertical tube. A sheath of refractory wool, coated
* Manufactured by Edwards High Vacuum Ltd., Manor Royal, Crawley, Sussex,
** Manufactured by Henry V/iggin and Co. Ltd., 20 Albert Embankment, London,
S.E.1.
in refractory cement was wrapped round the joint between the heater tube 
and the side arm of the tapered section to permit thermal expansion with 
negligible air inleakage. A platinum/13$ rhodium v platinum couple 
located in the gas stream measured the temperature of the secondary flow.
The heater elements in both the gas heater and the vertical tube 
were supplied via Variac transformers, which were manually adjustable.
The maximum "safe" temperature of operation was about 950°C. Normally 
the furnace operated under isothermal conditions with the tube walls 
maintained at the same temperature as the secondary gas stream. At 950°C, 
the total current consumption was about 36 amps.
A6.4 PROBES
A6.4.1 Injector Probe
The supply of primary gas and coal was fed into the furnace through 
a refractory-coated water-cooled tube which formed the injector probe.
The separate passages of a 5“ko^e stainless steel tube (9 nun o.d., 820 mm long) 
were utilized to form the water cooling circuits and the central primary 
air-coal passage. The latter was 3 non i.d. A 10 mm i.d. tube of alumina 
with a wall thickness of 3 11111 formed the outer sheath of the probe. Tests 
showed that this was about the minimum thickness which could be used without 
incurring the penalty of a drop of more than about 15°C in the secondary gas 
temperature • The last 50 mm of the alumina tube above the probe outlet was 
tapered using a refractory cement.
A6.4.2 Collector Probe
After passing down the furnace tube, the gas flow was divided. An 
amount, which was about 60 per cent of the total flow, was extracted through 
a water-cooled collector probe pushed up from the bottom of the furnace tube 
and secured by a clamp. The remainder of the gas passed through a dry 
cleaning system (see also Section A6.5.1).
* Manufactured by: Accles and Pollock Ltd., Oldbury, Birmingham.
The collector probe faced vertically upwards and consisted of an
outer water-cooled sheath and an inner stainless steel tube 3 11111 i*d.j
1115 mm long, one end of which was expanded into a copper funnel, 25*4 1111
inlet diameterj 10 mm long. A short spiral of copper wire was brazed to the
inside of the funnel and imparted swirl to the entering gas and thus promoted
rapid cooling (121).
At the other end of the probe, the cold gas containing flame solids
was drawn through a water bath. The solids were separated and the waste gas
was drawn successively through an empty Voulff bottle to remove large droplets
of water, and through a bottle containing silica gel for final drying.
During sampling, the gas suction line was frequently disconnected and the
A —2probe purged with compressed nitrogen at 6.89 x 10 Nm (10 p.s.i.) to 
remove blockages. When this technique was.unsuccessful, the probe was 
withdrawn and rodded through. These solids were not added to the bulk J 
of the sample to avoid possible contamination. Care was similarly taken 
to ensure that ash deposits building up on the inlet nozzle did not enter 
the probe. At the end of each run, the solids collected in the water bath 
were filtered off using a Millipore filter pump assembly (1.4 pm retention) 
and dried in a vacuum oven at 105°C.
A6.4.3 Waste Gas Collector
The remainder of the combustion gas was made to pass between the 
water-cooled walls of the collector probe and the water-cooled walls of 
the chamber exit. A spiral of stainless steel served to promote turbulence 
and increase the rate of cooling of the gas. The dirty gas then passed 
successively through an oil-coated gauze, a layer of silica wool to remove 
solids, and then a rotameter before joining the collector flow. The united 
gas streams were again monitored by a rotameter before entering an Edwards 
RB5 air compressor and a waste gas flue.
* Supplied by Thermal Control Co# Ltd., 138 Old Shoreham Road, Hove,
Sussex.
A6.4*4 Gas Sampling Probe
A water-cooled stainless steel probe, 170 mm long, 2 mm bore 
was used for gas sampling. The probe inlet was expanded into a copper 
scoop, the end of which was circular, approximately 4 mm diameter and in
use faced away from the flame to minimise blockage. Gas was extracted
*■ 5 3 **1at the rate of 4*8 x 10 nr sec" (5 1 min" ) (approximately 4 times the
isokinetic rate, to promote rapid purging) and passed successively through
a short glass tube filled with silica wool to remove solids, a rotameter,
a small air compressor and a glass sampling bottle. Gas was collected
under pressure and subsequently analysed by chromatograph for carbon dioxide,
carbon monoxide and oxygen content.
A6.4.5 Suction Pyrometer
A miniature suction pyrometer was constructed of stainless steel
tubing. It consisted of a water-cooled section 120 mm long, 6 mm o.d. and
an uncooled section 85 mm long, 5 mm o.d* joined together using a bayonet
fitting. The uncooled section contained a side entry which formed
the inlet to the probe. A platinum/13$ rhodium v platinum sheathed
thermocouple, 1.6 mm o.d.fwas inserted through the central passage of the
probe with its hot end about 5 mm below the inlet hole. Gas was sucked
-1over the couple at a calculated velocity of 50 - 250 m sec corresponding
o —S —A *5 —1
at 1100 C to a flow rate of between 5*2 x 10 and 2.56 x 10 m sec
—1(2 and 16 1 min” ) measured cold. Emerging at the cold end of the probe, it 
then passed successively through a silica wool-filter, a rotameter and a 
small air compressor. The output of the thermocouple was recorded on the 
multipoint recorder.
It may be noted that the measured temperature represented some 
intermediate value for the individual gas and particle temperatures. It 
was not possible to obtain experimental results for these quantities 
separately.
A6.4*6 Disappearing Filament Pyrometer
When ignition was established, temperatures were measured in the 
region of the flame envelope by means of a disappearing filament pyrometer. 
A6.4.7 Total Pressure Tube and Static Tube
Tests using a water-cooled total pressure tube and D'Arcy tip static 
tube, in which the output was registered on a sensitive micromanometer, were 
unsuccessful due to the low gas velocities in the chamber; and measurements 
were abandoned. Calculations showed that for the flow rates used and the 
temperatures prevailing, the Reynolds Number was approximately 650 (at a 
gas temperature of 1223°K) implying that the flow was laminar. Tests using 
a helium tracer technique and visual observation of particle path lines 
down the chamber supported this contention, as did cold modelling work 
(see also A6.5.1 below). It was, therefore, assumed that the velocity 
profile was parabolic and that the axial gas velocity was equal to twice 
the average velocity, calculated from the volume flowing and the cross 
sectional area of the tube.
A6.5 SUBSIDIARY INVESTIGATIONS 
A6.5.I Plow Measurements
Cold tests using a duplicate tube, identical (cold) flow rates, 
and with smoke injected to simulate the primary gas/coal feed showed that 
the flow was essentially laminar. The central core undulated slightly 
as it passed down the chamber, spreading out to occupy an area slightly 
greater than that of the inlet nozzle of the collector probe, at the last
sampling position, 830 mm from the point of injection. Y/hen the secondary
—4 3 —1 —1gas ;flow was 4*8 x 10 m sec" (30 1 min ), the isokinetic sampling rate
—4 3 —1 —1was about 2.1 x 10 " nr sec” (13 1 min ) assuming a parabolic velocity
distribution, but by sampling at a rate of 3*2 x 10"^m^ sec”  ^ (20 1 min""^ )
effectively all the core could be collected, and this was the flow which was
subsequently adopted in the trials.
A significant amount of recirculation in the region of the flame 
front would have made the calculated treatment times seriously in error.
To assess the extent of recirculation, therefore, a helium tracer technique 
was used. This required the injection of trace concentrations of helium 
at defined points in the chamber, and the simultaneous sampling of gas 
both above and to the side of the point, of injection. Subsequent analysis 
for helium in the gas, revealed the extent of recirculation. With the 
flame located at level 6, helium was injected at a concentration equivalent 
to one per cent of the total gas flow on the centre line of the tube at 
both levels 7 and 8. Gas was simultaneously sampled at levels 5> 6 and 7 
at distances of up to 20 mm on either side of the axis. Analysis by 
chromatography showed that helium was present in the gases up to a maximum 
of 0.02 per cent. The inference was drawn that only 2 per cent of the 
combustion gas was recirculated, an amount which was considered to be 
negligible.
Just as recirculation could invalidate the velocity calculations, so 
also could excessive air inleakage. In addition, the latter could affect 
both the composition and'temperature of the combustion gas. With a combined
A 3 •»*] ~*1
primary and secondary gas flow of 4*8 x 1 0 " V  sec" (30.1 min" ) and a
—A 3
collector flow of 3*2 x 10 nr sec" (20 1 min" ), the pressure at the
—2chamber exit was regulated to - 9*78 Nm (-1 mm w.g.) and the total volume
/ 4 -J 7
of waste gas noted. This was 5*4 x 10 m3 sec" (34 1 min" ). 6.4 x 10 m sec
—1(4 1 min" ) or about 13 per cent of the initial flow was occurring as tramp 
air. While not unimportant, it was considered to be within the limits of 
experimental error, especially since most of this inleakage probably occurred 
at the end of the chamber and affected mainly the region near the walls.
A6.5.2 Temperature Measurements
With the water-cooled injector tube removed, it was possible to 
control the tube wall temperatures and the temperature of the secondary
gas (flow rate: 4*8 x 10"^ to 6.4 x 10~^m^ sec"**) to within £ 5°C at a 
prescribed level of 900°C. When the injector was inserted down to level 4 
(its normal position of operation), however, the gas temperature fell 40°C. 
This situation was improved when a refractory sheath was added to the probe, 
but there was a limitation to the thickness of the sheath which could be 
used, which was imposed by the width of the tapered section of the main 
tube. With the maximum thickness of-■sheath in position, no flow through 
the injector, and suitable adjustment of the heating elements in the tapered 
section of the tube, the gas temperature measured by suction pyrometer, on 
the centre line of the tube at port level 7» was 15°C below that of .the 
average tube metal temperature. n
Other tests showed that there was a variation in the temperature 
measured by the suction pyrometer of 15°0 over its no-flow to calculated 
full-flow range# Since fuil-flow at 1200°C (approximately 2;6 x 10"V  sec"**, 
measured cold) represented over one third the total gas flowing through the 
main.tube, it was felt that the removal of this quantity of gas would 
seriously influence combustion. A flow rate through the suction pyrometer 
of 6.4 x lO^nr sec" (4 1 min" ) (measured cold) was, therefore, adopted 
as a, reasonable compromise between accuracy of temperature measurement and 
non-interference.
Measurements with the suction pyrometer also showed that when a
C  "Z _ - J  — - J
primary gas flow of up to 2.4 x 10 m sec" (1.5 1 min" ) was injected, 
the temperature immediately below the outlet of the injector, fell by 10°C, 
this decrease being imposed on the thermal gradient already ^ existing.
Within a distance of 50 ran, however, corresponding to a treatment time 
of 20 ms at 1000°C, the temperature returned to its pre-injection value.
It was found that blocking, up the viewing slit with insulating 
wool had a negligible effect on the . temperature distribution within the
furnace 5 ran away from the normally exposed surface of the tube. It was 
decided, therefore, to leave the slit uncovered since visual observation 
of the course of particle combustion and the positioning of the probes 
proved very valuable during the experiments.
Prom the series of temperature measurements attempted, it was 
concluded that an essentially isothermal environment could be provided 
within the tube. The cold primary gas on entering the chamber mixed with 
the hot secondary stream and its temperature was rapidly raised to the same 
level so that any "end effects" were likely to be within experimental error. 
A6.5.3 Collector Probe: Quenching
It was necessary to quench the particles rapidly and to collect 
them so that their structure remained essentially unchanged. Por this latter 
purpose, the water-filled collection bottle proved very efficient. The 
fragile shells of the hollow char spheres (see Section 6.2.2) were invariably 
unbroken and even thin membranes were often preserved intact. To facilitate 
quenching, the particles were accelerated in passing from the inlet funnel 
to the narrow bore tube and a spin was imparted to the flow by the spiral 
brazed to the inner surface of the funnel.
Tests were conducted in which the collector probe was inverted
over a Bunsen flame and a chromel-alumel thermocouple pushed down through
-4 3 'the gas passage, with its hot tip in the mouth of the funnel. 3*2 ,x 10 m sec 
—1(20 1 min" ) of gas was sucked through the probe and by gradually withdrawing 
the couple and measuring the temperatures corresponding to different levels 
of the?collector, it was shown that the gas temperature fell from 1292°C 
at the inlet to 391°C at a distance 350 mm from the inlet, corresponding 
to a; residence time of about 2 milliseconds.
f
It was concluded that the extent of chemical reaction proceeding within 
the probe was negligible compared with the extent of reaction taking place in 
the furnace tube, during the same period of time.
APPENDIX 7
SUSPENSION STUDIES: METHOD
Prior to each trial, the secondary gas flow was set to the required 
“4 3 -1value (normally 6,4 x 10 m sec ) and the Variac transformers controlling 
the tube wall and secondary gas heaters were adjusted to give approximately 
the required temperature. The injector and collector probes were inserted 
and the cooling-water flow adjusted so that, water leaving the probes was at 
about 40°C. The Variacs were then trimmed to give the required temperatures 
more precisely. 1
Coal samples were previously ground in bulk for a set time using
a Christie-Norris swing hammer mill, or in a few instances, a laboratory
automatic pulveriser. They were'then graded using an automatic sieving
-5 -1machine. Normally a feed rate of about 4*0 x 10 kg sec was employed. 
Before each sampling operation, the rate was checked by disconnecting the 
feeder-venturi from the injector tube and weighing the amount of coal 
delivered in a measured time interval. If necessary, the feed rate was 
adjusted using the Variac controller on the hopper vibrator and the 
adjustable slide in the bottom of the feed hopper. It was found that the 
size of coal, in particular, affected the feeder settings. After adjustment, 
the feeder tube was then reconnected, the hopper filled with p.f., and the 
injector centralized in the furnace tube by observing the location of the 
flame front. With the injector inserted to the position of port hole 4» 
the flame was established at level 6.
The collector probe was.also positioned visually. Treatment times 
were controlled by varying the distance' apart between the injector and 
the collector probes.
The collector probe was connected to the sample bottle which was
half-filled with water, and the gas flow adjusted to the prescribed rate
(see Section A6.5.1). Pressure, at the furnace tube outlet was adjusted 
—2to about 9*78 Nm (1 mm w.g.) suction by means of the exit gas pump.
The procedure adopted for the actual sampling period depended on 
the purpose of the trials. When the main objective was the heat treatment 
of particles for structural studies, the coal feed was discontinued when 
sufficient quantity of flame solids had been obtained in the water 
collection bottle• This was normally about 5g*
In one series of trials (Section 6.2.7) more comprehensive sampling 
was; undertaken. At any one position, two gas samples were taken and a 
single temperature measurement was made within the first 4 ~ 5 minutes of 
theicommencement of coal feed. Tests showed that this.was the maximum 
time of operation that could be permitted before the local tube wall 
temperature rose more than 50°C above its "pre-combustion" temperature.
The coal feed was then stopped, the wall temperature allowed to return to 
its original value, and the procedure repeated but with the solids sampling 
probe in position. The probes were then moved, to the other positions in the 
tube (selected in random order) and the process gone through again.
APPENDIX 8
ANALYSIS AM) ANALYTICAL ASSUMPTIONS
A8.1 METHODS
Untreated pulverised coal was analysed for ash, total moisture and 
volatile matter (proximate analysis) using the methods detailed in 
BS:1016:1959* Ultimate analysis for carbon, hydrogen and oxygen content
*X*
(including errors) was performed using a Coleman automatic analyser (130). 
Nitrogen content was assumed to be constant at 1.5 per cent. (l06,p.87).
Flame solids were also analysed for their carbon, hydrogen, oxygen 
(including nitrogen and errors) and ash contents using the Coleman analyser, 
and calorific value determinations were made as specified in BS:1016:1959*
In addition, the solids were mounted and. examined microscopically (Sections 
6.2.2 and 6.2.5) and determinations made of their swelling ratios (Section 
6.2.4) and surface areas (Section 6.2.6). In one trial (Rawdon, trial 2) 
the size distributions of the solids along the tube axis were determined by 
Coulter counting.
A8.2 EFFECTIVE VOLATILE CONTENT
Recent work has shown (1,p*165) that a greater weight loss takes place 
during the devolatilisation of coal particles on rapid heating, than the 
B.S. test indicates, and further that a percentage of volatiles amounting 
to approximately 5 per cent of the coal on a dry-ash-free basis persists 
into the later stages of combustion (residual volatiles).
So-called Q factors have been derived for certain coal types to allow 
a more realistic assessment of volatile loss than that derived from the 
standard test.
The Q factor is defined:
Q = W/(VMq - R1)
* Manufactured by Coleman Instruments Inc., Maywood, Illinois, U.S.A.
Making the assumption that approximately 5 per cent residual 
volatiles remain in the char, the more realistic figure for weight loss 
(effective volatile content) was calculated for the purposes of the model
(Table 24). The 5 per cent residual volatiles were treated as part of the
fixed carbon content, the latter being derived:
Fixed Carbon, fo = 100 - (effective volatile^ + ash$ + moisture^)
* Converted to "wet” basis
** Converted to "wet, ashy" basis
TABLE 24 .
Volatiles and Carbon Content .
t Rafodon
63 - 75 p
Rawdon
53 - 63 p
Ackton Hall 
53 63 pm
Assumed Q factor ' 1.26 1.35 1.66
Effective Volatiles, $ 35.11 31.35 31.24
Total Carbon, fe 66,50 66.40 64.50
Fixed Carbon, B/o 47*90 43,21 44*95
+ Volatiles carbon, $ 18.60 . 18.19 19.55
+ Derived as: Total carbon - Fixed Carbon = Volatile Carbon
A8.3 BURNOUT
Insufficient weight of flame solids was available for a full 
proximate analysis and the extent, of combustion was calculated making the 
following assumptions:
(1) combustion of the carbon residue took place only after devolatilisation 
was complete
(2) ,, volatiles consisted of hydrogen, oxygen (including nitrogen and 
errors) and volatile carbon only, (see above).
In deriving weight loss, ash was used as a tracer. During the 
period of devolatilisation, for example, the volatile content of a sample 
was derived:
°A(o)
r\ . CCT(s) - CCH(o) +
CA(o)
n . °H (s) + ^  , % ( - )
A(s) °A(s)
c
where, the subscripts "o" and "s" refer to the original coal and the char 
sample.
Hence volatile loss could be established and expressed as a fraction 
of the original volatiles (X^ .) or of the total coal (X^). When the 
corrected carbon content of the sample equalled the fixed carbon content 
of the original coal, i.e. when:
= .“Afel 
'CR(o) cA(s) 'CT(s)
devolatilisation was inferred to be complete.
During the residue stage of combustion, total burnout was expressed:
Burnout
combustible (original coal) - corrected combustible (sample) 
combustible original coal
or, C
CT(o) + CH_(o) + CN„(o) + c0„(o) - •C„m/ \ . C„ ,_s . C„ . C„ 'k(o) I C„„/ •, C„ / \ 0,
A(s)
CT(s) + °H„(s) + 0„(s)
CCT(o) + C H 2 ( o )  +  ° H 2 ( o )  + °02(o)
APPENDIX 9
PREPARATION OF SAMPLES FOR EXAMINATION BY OPTICAL NECROSCOPY
*
The mounting medium used was a mixture of "Araldite" resin MY 750, 
hardener HI 905 and accelerator OY 601 in proportions by weight 100 : 100 : 2. 
About 0*1 g of the coal or char was put onto a 15 mm thick plinth of 
solidified resin in a mould made of 25 nun o.d. copper pipe, the inside of 
which had previously been smeared with silicone grease. A 10 mm thick layer 
of liquid resin mixture was then added, the resin and sample stirred and 
the mould put into a vacuum desiccator. The pressure was reduced three 
times until the froth of Araldite-sample mixture rose to the top of the 
mould, the pressure being returned to atmospheric each time. The mould 
was then transferred to an air oven at 100°C for a two hour period for 
curing.
The cylinder of "Araldite" bearing the dispersed sample was ground 
on a coarse (60 grade) emery wheel until a vertical section through the 
bed was exposed. This was necessary in order to get a reasonably 
representative sample, owing to settling of the solids in the liquid resin.
The resin surface was manually polished using successively 220, 520, 400 
and 600 grade emery papers on a water wheel followed by 6, 1 and J micron 
diamond dusts on lubricated polishing wheels, giving about five minutes 
polishing with each grade of dust.
Normally several samples were processed at one time.
W': • ■ '
* Manufactured by C.I.B.A. Ltd., Duxford, Cambridge.
APPENDIX 10
STATISTICAL EVALUATION OP PARTICLE SWELLING
As examples of the techniques used in the determination of 
swelling ratio, three cases are considered*
In the first, that of Rawdon coal swelling in nitrogen, homogeneity 
is established using the Fisher!s F-test for variances shoL the one­
sided t-test for means is used to prove significance in swelling (132,P*3~34)* 
Secondly, for Rawdon swelling in air, the Bartlett method (131) is used in 
testing for homogeneity when the number of individual samples, comprising 
the gross sample of heat-treated coal, is greater than two* Lastly, Ackton 
Hall coal, swelling in nitrogen, is taken to illustrate the technique of testing 
for significance of swelling when the combined treated and untreated samples 
are shown to be heterogeneous in respect of their variances (132>P*3“36)*
(i) Rawdon CRC 902* sieve size 55-65 pn* swelling in nitrogen 
Relevant data are given in Tables 25 and 26*
The standard deviation, s, of each sample is derived:
where, x. = individual particle diameter, pn. 
X = mean particle diameter, pn* 
n = number of particles in sample*
Untreated coal:
Sl2 = 144 ; Eg2 = 121 
p = s^/sg2 = 144/121 = 1.19
Now, Table value for 88, 92 d*f. at the 0*05 levels'!* 1 *45* 
Therefore, the variances are homogeneous* •
Mean standard deviation is given by:
J M.* .144.). 1U5 (180 a.f .)
Gross sample mean diameter is 61 (sample means do not differ) 
Treated coal:
F *= 144/100 = 1.44 
Table value for 145> 1^9 d.f. at the 0.05 level is =^1.45* 
Therefore, samples are just homogeneous for variance.
Mean standard deviation is 11.
Difference of sample mean diameters = 1
Standard deviation of difference with roughly equal samples 
standard deviation of single mean.
Pooled standard deviation =11.
Standard deviation of single mean diameter of, say, 160 items
n 2 y 11 „
. *. Standard deviation of difference = — ; —  1.22
Vi6cT ' •,
Therefore, means do not differ significantly at 0.05*level. 
Gross sample mean diameter is 70*5*
Untreated and Treated Coals Pooled Variance:
P = 152/121 =1.09 
Table value for 180, 314 &.f. at the 0.05 level is ^ 1.09. 
Therefore, the pooled variances are homogeneous.
One sided t-test:
Let the significance level of the test,0C =0.05 
= sample number treated =316
Ug = sample number untreated =182
nA + 1^-4 = 494
to.95 for 494 d.f. ** 1*645 •
X^(treated) = 70*5 > = 121
Xg(-untreated) = 61 ; . s^ = 152
sp (nA ~ 1)SA + (°B ~ 1)SB 
nA + rig - 2
U  = t« r^- St, / nA + ^O .95 P / ----- -
nAnB-
1.645 x 11 °2 { ^ L- y  56520 
1.66
Since X^ - X^ « 9*5 which is larger than 1.66, significant swelling 
has taken place.
The two-sided 95f° confidence interval for the true difference between
J .  .  . J .
the means is - 1.7 i.e. the true difference at the 95?° level is 9*5 - 1«7«
(ii) Rawdon. CRC 902. sieve size 65-75 fim. swelling in air.
Untreated coal:
< Calculating as before, variances are shown to be homogeneous.
Mean standard deviation is 12.5.
Gross sample mean diameter is 75 (sample means do not differ
significantly at the 0.05 level).
Treated coal:
Using the simple Bartlett test:
Bo. of variance estimates, k *= 9
) Degrees of freedom for each, n - 1 = 65 (by inspection).
Average variance estimate
(weighted by degrees of freedom) «= 164.3
B = 2.3 (n-1) 
= 2.3 x 65
k log1Q(av. variance) - Z!(individual log^Q variances)] 
9 x 2.2156 - (log10121 + 2 log10144 + 5 log1Ql69 +
Now, Table values for 8 d.f. at the 0*05 level « 15*51 
Variances are homogeneous.
Mean standard deviation is 12.8
Gross sample mean diameter is 78*3 (sample means do not differ 
significantly at the 0.05 level).
Untreated and Treated Coals Pooled Variance:
Calculating as before, pooled variances are homogeneous.
One sided t-test:
u, is calculated as 1.84.
Since, - Xg «= 78.5 - 75*0 *■ 3*3* significant swelling has taken
place.
The two-sided 95% confidence interval for the true difference between 
the means is - 1.8 i.e. the true difference at. the 95% level is 5*3 -1.8. 
(ill) Ackton Hall. CRC 502. sieve size 90-105 ym. swelling in nitrogen. 
Untreated and Treated coals:
Taken separately the variances and means of the untreated and the 
treated coals are shown to be homogeneous.
Untreated and Treated Coals Pooled Variance:
F « 402/202 « 1600/400 *= 4.00
Therefore, the pooled variances are heterogeneous.
Test for Significance of Swelling when Variances Cannot be Assunied to 
be Equal
LetOG5 0.05
Xg = 121 I sB2 = 400 ; Jig = 74
—• 2
V. (estimated variance of X.) .= s. « 1600 = 9*04 
a a 177.
A
V  " " ■' Xg) = s / = 400 = 5.41
“b 74
f ( e f f e c t i v e  no, of degrees of freedom)
= ( VA + Yb ) - 2  = 208.8 - 2
Za!V^!x 0,85
nA+1 j \ V 1 
= 243.6
f'(value of f to nearest integer) = 244 
t'0 „  for 244 cl.f. = 1.645
U " ^0.95^ VA + VB " 1*645 V 14-45 = 6.27 
Since X^ - Xg = 70 which is larger than 6,27* significant swelling 
has taken place.
The two-sided 95$ confidence interval for the true difference between
j ,  *
the means is - 6.7 i*e. the true difference at the 95$ level is 70 - 6.7*
TABLE 25
SWELLING : UNTREATED COAL DISTRIBUTIONS : STATISTICAL DATA
COAL AND N.C.B. CODE Sieve Range 
yun
; n ’ .
s
Equivalent Sphere 
Diameter, pa
X
Equivalent Sphere 
Diameter, pa
Yniscedwyn, (102) 53-63 70 13.5 . 69.5
Grange Ash (402) 53-63 70 14 70
i» 70 14 72
Total:140 Av.:14 Av.:71
Ackton Hall (502). 24-30 71 4 29
53-63 72 14 69n 67 13 72
Total:139 Av.:13*5 Av.:70.5
90-105 74 20 121
Rawdon (902) 24-30 . 73 5 34
ii 72 4 36
Total:145 Av.:4.5 Av.:35
53-63 89 12 61
11 . 93 11 61
■ Total:182 Av.;11 • 5 Av.:61
6 3-75 77 : 13 7 6
ti 91 12 74
Total:168 av.:12•5 Av.:75
90-105 : 84 18 107;
105-124 150 .16 123
TABLE 26
SWELLING : TREATED GOAL DISTRIBUTIONS : STATISTICAL DATA
COAL
AND
N.C.B.
COBE
Original
Sieve
Range
pn
n
! s 
Equivalent 
Sphere 
Diameter 
pa
X
Equivalent
Sphere
Diameter
pa
Test
Conditions
Yniscedwyn 53-6? 78 12.5 70. at 850°C
(102) >
Grange Ash 53-63 . 88 19 82 at 660°C
(402) II 150  ^ 17 83
ft
Totalj258 ' Av.:18 Av.:82.5
Ackton Hall 24-30 82 17 31.5, at 800°C
(502) ; ■’
53-63 85 17 79.0 at 650 C
II 78 V 19 76.0
ti
Total:165 Av.:18 Ay.:77•5
II 78 20 85 Pos. 1 Trial 3
II 78 24 87
Total:156 Av.:22 Av.:86 /
It 80 . 24 78 Pos. 2 Trial 3
It • 91 19 74
n  11
II 82 19 76
it 11
II 75 18 76
11 11
II 75 19 ' 76
it 11
Total:4P5 Av.:19*8 Av.:76
II 75 22 77 Pos. 3 Trial 3
II 75 23 75 Pos. 4 "
90-105 63 29 132 at 660°C
n 90 40 189 Np at 660°C
ii 87 40 ; 195
it
Total:177 Av.:40 Av.s191
Rawdon 53-63 70 14 67 Pos. 1 Trial 2
(902) II 77 • 10 62 Pos. 2
II 86 11 \ 63 Pos. 3 " •
II 92 . 16 62 Pos. 4 ”
63-75 64 ■ 15 79 at 650°C
II 50 13 79
11
II 71 15 80
11
II 60 12 78 11
n 56 11 80.5 11
it 7.0 15 77
11
„. 0 _
n 79 12 77 at 660 C
ii 76 15 78
it
ii 70 . 15 76
11
Total:596 Av.:12.8 Av.:78.3
TABLE 26 (CONT.)
COAL 
' AND 
N.C.B.
CODE
Original
Sieve
Range
pm
n
s
Equivalent
Sphere
Diameter
pn
X
Equivalent
Sphere
Diameter
pn
Test
Conditions
Rawdon 105-124 130.5 at 330°C
(902) ti 126 . 23 135 at 350°c
(Cont,) 1 177 24 131 at 390°Ci» - -  - 133 at 440°C11 - -  • 129 at 460 C
ti 144 . 23 151 at 530°Cit - - 139 at 575°Cti - - 134 at 650 C
53-63 146 12 71 EL at 650°C11 170 10 , 70 ”
Total:316 Av.11 Av.:70.5
APPENDIX 11
METHOD OF DETERMINATION OP APPARENT DENSITY OP-PULVERISED COAL OR
COAL CHARS
Volume of density flask by previous calibration: 7*1425ml at 25°C.
Density of D.C. 702 silicone oil: 1.0640g/ml at 25°C.
Taking, as an example', the determination of the apparent density of 
sample of Rawdon 105-124 pm char heated in the vertical tube furnace at 
575°C.
Weight of density bottle + p.f. .... 10.0493 g
Weight of density bottle....... 9.8522 g
• *. Weight of p.f.  ..........   0.1971 S
After 6 hours penetration at 25°C and levelling:
Weight of density bottle + p.f.
+ silicone oil     17*5065 g
Weight of density bottle.....  9.8522 g
. *. Weight of p.f. + silicone oil 7*6543 &
Weight of silicone oil = 7*6543 8 - 0.1971 g = 7*4573 &•
Volume of silicone oil at 25°C = Weight of silicone oil
Density of silicone oil at 25 C
. = 7.5473 / 1.0640 
= 7.0087 ml.
Volume of p.f. *= Volume of density flask - volume of silicone oil 
=7.1425 ml - 7*0087 ml.
=0.1538 ml.-
.*. Apparent Density of coal = Weight of coal = 1.473g/ml*
Volume of coal
APPENDIX 12
SURFACE AREA MEASUREMENTS
A12.1 GENERAL
The techniques employed for the adsorption of xenon are dictated 
by three considerations (6);
(1) the critical temperature of the gas, i.e. the temperature above 
which gas cannot be liquefied by pressure alone, which is 17°C.
(2) ease of temperature control for the relatively long periods 
required by equilibration of adsorption in carbonaceous solids.
(3) the saturated vapour pressure of the gas at adsorption temperature.
Thus a temperature of 25°C was chosen for the pre-adsorption phase,
because no liquefaction could occur on increasing pressure and 0°C was
selected as the adsorption temperature since it lay below the critical
temperature and a constant temperature could easily be provided by a bath
of melting ice. The saturated vapour pressure of xenon at the adsorption
6 —2temperature is 3*96 x 10 Nm" (6,133) a*1*! this proscribed the use of 
conventional volumetric glasswear. The pressure parts of the apparatus 
were, therefore, constructed from metal, stainless steel being adopted 
because of its comparatively low thermal conductivity.
A12.2 APPARATUS
A12.2.1 The pressure parts 
Central E:
The central pressure part, constructed from capillary tubing 1.5mm i.d., 
3*1 mm o.d., was shaped like the letter E and lay horizontally. Each arm 
terminated in a narrow-bore stainless steel valve* (designated Tg, T^ and 
Tj- in Fig.6). The spine of the E was 330 mm long and was expanded into
* Manufactured by: Pressure Products Inc. (U.K.) Ltd., 50 Grosvenor Gardens,
London, S.W.1•
a block at the point of intersection with the middle arm# A Coutant^ 
type XT 35 transducer screwed into the block and was used for pressure 
measurements in the system.
Sample Container and Tap T,-.
Tap Tp. communicated with the sample container. The latter was 
cylindrical, 40 nnn long, 12 mm o.d., and provided with a short neck which 
screwed into the valve. During the adsorption phase of the determination, 
the sample container was immersed in a dewar flask of melting ice. A scratch 
mark on the side of the container marked the level of immersion and served 
to define the extent of Volumes V^ and V,- (see below and Pig. 6). During 
the degassing stage of operation, the dewar was replaced by a heating coil. 
This comprised a copper cylinder 80 mm long, 25*4 mm o.d. insulated on the 
outside with a 7 nim thick layer of refractory cement in which was embedded 
a spiral of resistance wire. The cylinder was filled with alumina granules 
into which the sample container was pushed up to the level of its neck. 
Temperature control of the heating coil was.effected through a Variac 
transformer, coal samples being heated at 120°C and chars at 150°C.
Condensing Coil.
Tap T^ was connected to a condensing coil. The coil consisted of
a spiral of capillary tubing 1000 mm long, 6 mm o.d.,2 mm i.d., terminating
at its other extremity in Tap T^. Since xenon was supplied at about
atmospheric pressure in glass spheres the requisite pressure had to be
generated in situ. This was achieved by first evacuating the system to a
-6pressure of approximately 10*” mm Hg, then with the condensing coil immersed 
in a dewar filled with liquid nitrogen and Tap T^ shut, the glass seal on 
the xenon sphere was broken and the taps and valves between the sphere and
* Manufactured by: Coutant Electronics Ltd., Transducer Division,
3 Trafford Road, Reading, Berks.
** Xenon Spectroscopic Grade, Manufactured by: British Oxygen Gases,
Morden, London, S.W.19.
the coil were slowly opened# After a few minutes T^ was shut and the dewar 
removed. Xenon was now retained within the coil under pressure and was used 
as required.
A12.2.2 Glass Wear 
Burette.
Tap Tg was connected to a graduated 50 ml burette through a 3-way 
stopcock T.j. The burette had a sidearm which communicated with a vacuum 
manifold and the limb dipped into a mercury-filled reservoir. A twin bore 
stop cock in the neck of the reservoir communicated either with the vacuum 
manifold or opened to air.
A12.2.3 Pressure Measuring System .
i The pressure transducer was connected via two 2-throw switches with
-5
a digital volt meter capable of measuring to 1 x 10 volt, and a stabilised 
D.C. voltage regulator. 20V were applied across the transducer bridge, and 
provision was made, through the two switches, to indicate the bridge voltage 
. on the digital volt meter.
A12.2.4 Vacuum System
A central vacuum manifold was joined to a Genevac PL 66 diffusion
-6pump, capable of producing a vacuum of approximately 10** mm Hg,
A12.3 CALIBRATIONS
A12.3.1 Pressure Transducer
Attempts were made to calibrate the transducer using carbon dioxide 
gas, which was contained in the condensing coil, and cooled to a series of 
temperatures for which its vapour pressure was known. These attempts were 
unsuccessful. Thermal gradients existed within the cooling vessel and 
reproducibility of the pressure readings was poor.
A second technique, however, was successful. In this, a large 
precalibrated Bourdon gauge replaced the sample container. With tap T^ 
open and tap Tg shut xenon was admitted step by step to the E-piece from
* Manufactured by Genevac Ltd., Pioneer Mill, Radcliffe, Manchester.
the condensing coil# With each increase in pressure, both the output of 
the transducer and the reading of the standard Bourdon gauge were noted.
The transducer output was found to be linear with pressure over the normal 
working range. A 20V potential was applied across the bridge and frequently- 
checked with the digital voltmeter (Fig., 29).
A12#3«2 "Dead spaces”
Using the diffusion pump, the pressure parts and glass burette were
-6evacuated to a pressure of approximately 10"" mm Hg. The tap between the 
mercury reservoir and the burette was slowly opened and mercury was allowed 
to rise about one fifth of the way up the limb and its sidearm. The tap was 
then closed. The two levels of mercury were measured by cathetometer, the 
slight increase in height in the sidearm over the limb (0.80 mm) being 
noted as a capillary depression correction to be subtracted from subsequent 
pressure readings. T^ was then opened and xenon allowed to enter the 
system depressing the mercury level in the limb and raising the level in the 
.side arm. Tap T^  was closed isolating the burette from the pressure parts. 
The difference between the levels of mercury in the limb and sidearm after 
the addition of xenon represented a pressure change and was measured using 
a cathetometer, correcting for the capillary depression. The volume of gas 
in the graduated burette was noted.
Air was then admitted to the space in the mercury reservoir, the 
tap between the reservoir and the burette was opened slowly and the mercury 
level in the limb and sidearm raised by differential pressure. The 
difference between the mercury levels in the limb and sidearm after the 
tap was opened was again measured, and the new volume of gas in the burette 
was noted. The process was repeated 7 ot 8 times, at successively higher 
pressures.
The air space in the mercury reservoir was evacuated by opening the
tap communicating with the vacuum manifold. The tap between the reservoir 
and the burette was opened and the mercury drawn down the limb to 
approximately its original level.
T.j was then opened putting the gas space between T^  and T^ (defined 
as Vg) into contact with the burette space and the volume designated as V^. 
The latter was that space between the first graduation mark of the burette 
and tap T^ .
The pressure-volume sequence was repeated as before.
Similarly T^ was opened, allowing the gas confined in the volume 
of the E-piece, or V^, to be in connection with burette space.
Finally opening T^ exposed and V^.
At constant temperature and for the relatively small changes in 
pressure measured during the calibrations, it was assumed for the burette 
and each "dead space": ,
FV = constant
or, ^^burette + ^ dead space^ ” ^
V, . . + V, , = k• . burette dead space —
Thus a graph of burette reading against reciprocal pressure gave 
a line, slope k, and an intercept representing the "dead space". (Fig. 30)* 
A12.3.3 Differentiation of and
The sample container was first weighed empty and then full of mercury. 
The weight of mercury was given by difference and hence (from standard tables 
of the density of mercury) the volume of the container was derived.
The container was filled with mercury a second time, approximately up 
to the level of its neck, and volume was accurately assessed by weighing 
the amount of mercury added. was derived by subtracting so obtained 
from the total volume of the container. The limit of volume V. (and hence
the subsequent level of immersion of the sample container in the dewar 
flask during the adsorption phase) was obtained by making the mercury in 
the container one of the contacts of a simple electrical lighting circuit 
powered by a torch battery. The other contact was a wire racked down into 
the container using a graduated micromanipulator. When contact was made 
between the wire and the mercury level, the distance between the top of 
the container and the level of the mercury was noted and a scratch mark 
made on the container.
A12.3.4 Departure from the Ideal Gas State: Apparatus Factor
Data existing in the literature (134) on the departure of xenon from
the ideal gas state were used (Fig. 31 )• Xenon at 25°C and at a known
pressure, over the working range 1400 to 20000 mm Hg, was expanded from V^
into the evacuated sample container, immersed in an ice-water mixture.
Volume V^ at 25°C and volume V^ at 0°C were involved. Equilibrium was
obtained within about 30 minutes and the system pressure was again noted.
Discrepancies were found to exist between the'experimental results thus
obtained, and the calculated values based on the published data. These
discrepancies constituted an apparatus correction factor and could possibly
be explained in terms of errors in the measured "dead spaces”, and invalid
assumptions concerning the working temperatures of V^, V^, and V^ (Fig.32) (135)•
A12.3.5 Standard Substance
As a means of checking the apparatus and experimental method, the
surface area of the graphitised carbon-black, Graphon, was determined. This
*
material had been prepared by the Cabot Corporation in the U.S.A. by
heating Spheron 6 to 3P00°C* Carbon blacks are particularly satisfactory
as reference solids by virtue,of their sphericity and low porosity.
Using the standard method of nitrogen adsorption at 77°K and a
°2molecular cross-sectional area of the adsorbate of 16.2 A , the specific
* Cabot Corporation, Billerica Research Centre, Concord Road, Billerica,
Massachusetts, U.S.A.
2surface was quoted by the manufacturers to be about 85m /g. Using the
2methods and techniques outlined below a value of 74® /s was obtained.
Considering the different temperature of adsorption and the 
uncertainty of the value to ascribe to the xenon molecular cross sectional 
area, this was considered to be a reasonable agreement.
A12.4 METHOD OF DETERMINATION 
A12.4«1 Experimental
1. The sample container was emptied, blown out with compressed nitrogen 
to remove any adhering powder and weighed. Approximately 0.3g sample were 
added and the container weighed a second time. The sample had previously 
been dried at 105°C in a vacuum oven for at least ij hours.
2. The sample container was screwed into T,_ and tightened. With T^
closed, T,- and T  ^open and the burette isolated by means of T^, the
-6
system was evacuated to a pressure of approximately 10*" mm Hg by means of 
the diffusion pump. At the same time, the heating coil was pushed up 
round the container, the Variac control set and the sample allowed to 
degass overnight at a temperature of 120°C for coal and 150°C for char.
3. The heating coil was removed and T0 and T_ were shut, isolating the
pressure parts of the system, from the pump. The voltage regulator and 
digital voltmeter were switched on to warm up and approximately 30 minutes 
later T^ was opened slowly. Xenon was admitted to to the approximate 
pressure inferred from the digital voltmeter reading.
4* The applied voltage across the transducer bridge was adjusted to
19.99 - 0.0TV and the gas allowed to reach equilibrium at a room temperature 
of 25°C - 1°C. This was achieved within about 30 minutes as indicated by 
the digital voltmeter reading. The latter was then noted to the nearest 
0.01mV.
5. A dewar flask containing an ice-water ndxture was then pushed up to
enclose the sample container. The mixture level was made to coincide with
was slowly opened and the xenon allowed to expand onto the sample. The 
pressure equilibration period required was 3 - 6 hours, depending on the 
sample, but occasionally the sample was left overnight, to reach constant 
pressure. Constant pressure was taken to be that pressure which had remained 
constant for one hour prior to the reading being taken.
6. The dewar flask was then replaced by the heating coil, a second 
dewar containing liquid nitrogen was pushed up round the condensing coil 
and T^ slowly opened. In this way xenon was transferred back into the coil. 
T^ and T^ were then closed and the sample container unscrewed.
The process was normally repeated four times over the working 
pressure range, P/P , between 0.05 and 0.35* Each specific surfaceS ’' " '
determination thus occupied about one working week.
A12.4.2 Calculation from B.E.T. theory
The volume of gas adsorbed to form a monolayer was obtained using 
the B.E.T. equation over the range of relative pressures, P/Pg = 0.05 to P/Pg
the scratch mark on the sample container (indicating the limit of V^). T^
0.35 (51.P.49),
P/P
' S P
This predicts that a plot of P/P ' s against P/P should yield s
v(i - p/ps)
a straight line
The slope of the graph is given by
C - 1
and the intercept
1
The sum of the slope and intercept is equal to:
1
Vm
The value Vm is proportional to the specific surface area of the
adsorbent, the relationship being:
„  PxE “ m
mxe m
Thus for xenon:
(5.85 x 10~5)*x (6.025 x 1023) x (24.9 x 10~20)*! V
151.30
o 6.682 Vm (m2 g-1)
r->
The run sheet for the determination of the specific surface of a 
typical flame solids sample is shown in Table 27 and the B.E.T. plot is given 
in Pig. 33.
Volumes V,, V,, Vc, the determined "dead-space” volumes, were 5*50 ml, 
2 4 5
0.38 ml and 2.80 ml respectively.
Volume V^, the volume occupied by the sample was obtained using the 
relationship:
y = Weight of sample 
6 ** Density of sample
The value taken for density was the apparent density determined 
using DC 702. Errors in the value for specific surface ^making this 
assumption^were likely to be less than 1 per cent.
♦
The pressure transducer outputs in mV were converted to the 
corresponding pressures from the calibration graph (Pig. 29).
DOSE: The volume of gas at N.T.P. occupying volume V^
° V-z x P(dose) x 275 x _____________ ]____________
 ^ 760 298 Ideal Gas Correction at 2.§£PlL (Pig. 31)
* Ref. 129
** Ref. 2
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ADSORPTION: Volume at N.T.P. occupying V,
J
■ V-. x P(adsorption) x 275 x 1
760 298 Ideal Gas Correction at 298°K
Volume at N.T.P. occupying V^
= V . x P(adsorption) x 275 x •  1
760 298 Ideal Gas Correction at 298°K
Volume at N.T.P* occupying Vj. - V^
«* (Vf. - V/-) x P(adsorption) x 1
760 Ideal Gas Correction at 273°K
The total volume at N.T.P. on adsorption was given by:
Volume occupying V^ + V^ + (V^ - Vg) - Corrected Apparatus Factor
The apparatus factor was obtained from the calibration graph (Fig. 32) 
and was itself corrected to account for the small volume occupied by the 
flame solids.
The xenon adsorbed on the solid was given by:
DOSE volume at N.T.P. - ADSORPTION volume at N.T.P.
Straight line B.E.T. plots were obtained in all cases.
A12.5 REPRODUCIBILITY
Five samples were taken at random and the specific surfaces determined 
again to assess reproducibility (Table 28).
■TABLE 28 
SPECIFIC SURFACE REPRODUCIBILITY
Flame Solids
2 -1Determination m g Difference, as 
percentage of meanTest 1 Test 2
Maltby vitrain, treated at 800°C 93 87 3.3
Maltby durain, untreated 84 73 7.0
Maltby vi train, untreated 90 90 0
Maltby durain, treated at 800 C 30 28 i; . 3.5
Ackton Hall, untreated
ii !
....... . —
45 37 - 9.8
p- o.M"S
I e 56 
— a 31
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26 SCHEMATIC DIAGRAM OF BLACKBODY FURNACE
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Microscopical Examination of Heat Treated 
Pulverized Coal Particles
P . L ig h tm a n *  a n d  P . J. Street*}*
Char particles resulting from the heat treatment o f  pulverized coal in vertical furnaces (drop 
tubes) and shock tubes, and particles sampled from large flames, have been examined by two 
microscopical methods. Four main types o f  char particles have been found in samples from  
both the drop tubes and the large flames and it has been observed that many particles have 
large internal cavities and holes several microns across in their surfaces. Various stages have 
been recognized in the evolution of the char structure and conclusions have been drawn concern­
ing the types o f particles which survive the longest in flames, and their modes o f burning. 
Comparison o f drop tube and shock tube results has led to some suggestions on the stages that 
may take place in the devolatilization o f coal particles and on the role o f surface and gas phase 
ignition processes under the various conditions used.
T h e  p r e d ic t io n  o f  th e  b u rn in g  tim e s  o f  p u lv e r iz e d  c o a l p a rt ic le s  in  la rg e  
fla m e s  re q u ire s  th a t  th e  p a rt ic le s  b e  d e scrib e d  a t  v a r io u s  p o in ts  in  th e  fla m e s  
b y  p a ra m e te rs  such as size, sh ape , a re a  a n d  e x te n t o f  c o m b u s t io n .
I n  th e  m a th e m a tic a l an a lys is  o f  c o m b u s t io n  i t  has b e en  u s u a l to  c o n s id e r  
b u rn in g  p a rt ic le s  as spheres o f  u n ifo r m  d e n s ity  w h o s e  d ia m e te rs  a re  re d u c e d  
d u r in g  c o m b u s t io n  b y  a n  a m o u n t e q u iv a le n t to  th e  c o n s u m p tio n  o f  c a rb o n 1 -5 . 
I t  h a s  b een  assum ed th a t  c o m b u s t io n  ta k e s  p laces  o n ly  o n  th e  o u te r  su rfaces  
o f  th e  spheres , a n d  d e sp ite  th e  w e l l k n o w n  ex is te n ce  o f  ce n o s p h ere s6 -9 , n o  
a t te m p t has b e en  m a d e  to  m o d ify  th e  m o d e ls  o r  to  d e te rm in e  th e  e ffe c t o f  th is  
k in d  o f  s tru c tu re  o n  b u rn in g  ra tes . L i t t le  is k n o w n  to o  a b o u t  th e  e ffe c t o f  
m in e r a l m a t te r  o n  b u rn in g .
T h e  w o r k  d e s c rib e d  in  th is  p a p e r  is p a r t  o f  a  p r o g ra m m e  o f  re s e a rc h  a t  
th e  C e n tra l E le c t r ic ity  G e n e r a t in g  B o a r d ’s L a b o ra to r ie s  a t  L e a th e rh e a d  a n d  
M a r c h w o o d 10. T h e  p a p e r  c o n ta in s  a n  a c c o u n t o f  so m e m ic ro s c o p ic a l s tud ies , 
u s in g  a  s c a n n in g  e le c tro n  m ic ro s c o p e  a n d  o p t ic a l m ic ro s c o p e s , o f  p o a l  
p a rtic le s  w h ic h  h a v e  b e e n  h e a te d  in  la b o r a to r y  system s o r  in  la rg e  fla m e s . 
S ize d  c o a l p a rt ic le s  w e re  h e a te d  u n d e r  c o n tro l le d  c o n d it io n s  in  v e r t ic a l  
fu rn a c e s  (d ro p  tu b e s ) a n d  in  s h o c k  tu b e s , a n d  ty p ic a l p u lv e r iz e d  c o a l s ize  
d is tr ib u tio n s  h a v e 1 b e e n  tre a te d  in  fla m e s  s im ila r  to  th o s e  e x is tin g  in  p o w e r  
s ta tio n s . * - -----------
METHOD OF HEAT TREATMENT 
Vertical furnaces {drop tubes)
M o s t  o f  th e  d r o p  tu b e  w o r k  w as  d o n e  u s in g  a  q u a r tz  tu b e , 5 f t  lo n g  a n d  
1-5 in . in  in te r n a l d ia m e te r , h e a te d  b y  res is tan ce  e le m e n ts  a lo n g  its  le n g th .
* Central Electricity Research Laboratories, Leatherhead. 
t  M archwood Engineering Laboratories, Central Electricity Generating Board.
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P u lv e r iz e d  c o a l w a s  in tro d u c e d , a t  a  ra te  o f  a b o u t  1-3 g /m in  in to  th e  to p  
o f  th e  tu b e , to g e th e r  w i t h  a  s m a ll q u a n t ity  o f  t r a n s p o r t  a i r  (2 0 0  m l/m in ) .  
T h r e e  o r  fo u r  g ra m m e s  o f  c o a l w a s  d ro p p e d  th ro u g h  th e  fu rn a c e  in  each  
r u n . A  s e c o n d a ry  a ir  s tre a m  (2 0  l . /m in  a t  n . t .p . ) ,  h e a te d  to  th e  sam e te m p e ra ­
tu re  as th e  w a lls  o f  th e  tu b e , p r o v id e d  th e  a ir  fo r  c o m b u s t io n . T h e  fu e l /a ir  
r a t io  g iv e n  b y  th ese p r o p o r t io n s  (a s s u m in g  c o m p le te  m ix in g )  c o rre s p o n d e d  
to  a b o u t  3 0  p e r  c e n t excess a ir ,  c o n s id e re d  re a s o n a b ly  re p re s e n ta tiv e  o f  
c o n v e n tio n a l c o m b u s t io n  system s. T h e  m a x im u m  fu rn a c e  w a l l  te m p e ra tu re  
w a s  9 0 0 ° C  (see Figure 16, p a g e  2 3 ).
T w o  c o a l sa m p les  w e re  d ro p p e d  th ro u g h  s t ill n i t ro g e n  in  a  p la t in u m -  
r h o d iu m  w o u n d  fu rn a c e  w ith  a  w a l l  te m p e ra tu re  o f  1 2 0 0 ° C , a n d  o th ers  
w e re  tre a te d  in  f lo w in g , b u t  n o t  p re h e a te d , gas (a rg o n  w it h  o r  w ith o u t  a ir ,  
o r  p u re  a ir )  in  a n  a lu m in a  sleeved g ra p h ite  fu rn a c e  w i t h  a  w a l l  te m p e ra tu re  
o f  1 5 0 0 ° C . T h e  c o a l w a s  d ro p p e d  in to  th e  fu rn a c e s  th ro u g h  a n  u n c o o le d  
tu b e  a n d  c o lle c te d  o n  a  w a te r  c o o le d  p la te . T h e  to ta l  t r e a tm e n t  tim e s  w e re  o f  
th e  o rd e r  o f  o n e  second.
A  s u m m a ry  o f  th e  p ro p e r tie s  o f  a l l  th e  co a ls  used  w i l l  b e  fo u n d  in  Table 1.
Table 1. Summary o f coals
Coal
N .C .B .
Class 
Code No.
Median
diameter
microns
Percentage Percentage 
ash volatiles 
dry dry
B.S.
Swelling
Number
Heat
treatment
M icro­
scopical
examination
Mardy 201a . 66/nm* 0-9 10-7 n Shock tube Electron
Britannia 203 25/itn* 8-8 14-7 6 Shock tube Electron
Cwm 301a 61ftm* 4-5 21-4 8 Shock tube Electron
[Optical
301a 18um* 4-5 21-4 8 Shock tube Electron
Shaw Cross 502 P.F.
distribution
11-8 29-5 3 Flame Electron
Optical
Pye H ill 602 P.F.
distribution
18-6 30-3 6 Flame Electron
Optical
Northumberland 702 P.F.
distribution
16-0 29-3 1 Flame Electron
Optical
Thoresby 802 P.F.
distribution
14-6 27-2 0 Flame Electron
Optical
Gedling
Prince o f  Wales
802
802
22/mi*
>295f*m
2-0 38-0 1
2
• Shock tube 
D rop tube
Electron
Electron
Optical
Electron
Optical
802 70/Mm* 2-6 35-5 2 Shock tube 
D rop tube
802 17/xm* 2-6 35-5 2 Shock tube 
D rop tube
Electron
W oodside 902 60fim* 15-5 30 * Shock tube Electron
Optical
Rawdon 902
902
105-124/um
53-63/Mm
12-7 34-5 4
4
Shock tube 
D rop tube 
Drop tube
Electron
Optical
Electron
Optical
* B .C .U .R .A . Air Elutriator median diameter.
Shock tubes
A  s c h e m a tic  d ia g r a m  o f  a  s h o c k  tu b e  is  g iv e n  in  Figure 15 (p a g e  2 2 ) .  F o r  a  
d e s c r ip t io n  o f  th e  p r in c ip le s  o f  s h o c k  tu b e  o p e ra t io n  th e  re a d e r  is r e fe r re d  to  
o n e  o f  th e  s ta n d a rd  w o rk s 11’ 12. D e ta i le d  d e s c rip tio n s  o f  th e  s h o c k  tu b es  
u sed  a re  g iv e n  in  r e f . 14.
T h e  c h ie f  c h a ra c te ris tic s  o f  th e  tr e a tm e n t  o f  p u lv e r iz e d  c o a l b y  th is  m e th o d  
w e r e :
MICROSCOPICAL EXAMINATION OF HEAT TREATED PULVERIZED COAL PARTICLES
(a) T h e  p a rt ic le s  w e re  v e ry  r a p id ly  d isp ersed  in to  a  gas w h ic h , a lth o u g h  
h e a te d , w a s  n o t  y e t  a t  its  p e a k  te m p e ra tu re .
( b)  T h e  tim e s  o f  tr e a tm e n t  b e h in d  th e  in c id e n t a n d  re fle c te d  sh ocks w e re  
a c c u ra te ly  k n o w n , th e  d u ra t io n  o f  t r e a tm e n t  b e in g  s h a rp ly  d e fin e d  b y  th e  
a r r iv a l  o f  th e  s h o c k  w a v e  a n d  th e  r a re fa c t io n  w a v e .
( c)  T h e  te m p e ra tu re s  o f  th e  gas im m e d ia te ly  b e h in d  th e  in c id e n t a n d  
re fle c te d  sh ocks w e re  a c c u ra te ly  k n o w n , th o u g h  te m p e ra tu re  ch ang es  in  th e  
gas a f te r  th e  passage o f  th e  s h o c k  w a v e s , d u e  to  a b s o rp t io n  o f  h e a t b y  th e  c o a l, 
c o u ld  b e  a p p re c ia b le  a n d  h a d  to  b e  c a lc u la te d . G a s  te m p e ra tu re s  ra n g e d  f r o m  
5 0 0 ° C  to  n e a r ly  3 0 0 0 °C .
(d) T h e  p a r t ic le  h e a tin g  ra tes  w e re  v e ry  h ig h , ty p ic a lly  a b o u t  105 d e g .C /s e c .
(ie)  T h e  p a rt ic le s  w e re  h e a te d  b y  c o n d u c t io n  a n d  c o n v e c tio n  f r o m  th e  gas  
a n d  n o t  b y  r a d ia t io n  f r o m  th e  tu b e  w a lls , w h ic h  w e re  c o ld .
( / )  T h e  gas pres su re  d u r in g  tr e a tm e n t  w as  a c c u ra te ly  k n o w n  a n d  w as , 
d e p e n d in g  o n  th e  in i t ia l  c o n d itio n s , b e tw e e n  a b o u t  1 |  a n d  2 0  a tm o s p h e re s .
5 0  to  2 0 0  m g  o f  c o a l m o u n te d  as s h o w n  in  Figure 15 w e re  used  in  e a ch  r u n .  
T h e  passage o f  th e  in c id e n t s h o ck  d ispersed  th e  p a rt ic le s  th ro u g h o u t  th e  
v o lu m e  o f  th e  w in d o w  se c tio n . T h e  passage o f  th e  re fle c te d  s h o c k  b ro u g h t  
gas a n d  p a rt ic le s  to  res t a n d  a p p r o x im a te ly  d o u b le d  th e  gas te m p e ra tu re .  
T r e a tm e n t  t im e s  b e h in d  th e  re fle c te d  s h o ck  w e re  tw o  to  fo u r  m illis e c o n d s , a t  
th e  e n d  o f  w h ic h  th e  system  w a s  q u e n c h e d  b y  th e  r a re fa c t io n  w a v e .
T h e  c o a l w as  h e a te d  in  p a r t  b y  th e  gas b e h in d  th e  in c id e n t  s h o c k  b u t  
re c e iv e d  m o s t o f  its  h e a t a f te r  th e  passage o f  th e  re fle c te d  s h o c k 13’ 15.
G ases used fo r  t r e a tm e n t  w e re  a rg o n , n itro g e n  a n d  n itro g e n  w it h  fiv e  
p e r  c e n t o x y g e n . P a r a lle l  e x p e r im e n ts  o n  ig n it io n , d e s c rib e d  e ls e w h e re 15, used  
o x y g e n  w it h  a d d e d  n itro g e n  d o w n  to  a ir  c o m p o s itio n , b u t  o n ly  y ie ld e d  
so lids  fo r  e x a m in a t io n  i f  th e re  w a s  n o  fla m e .
Large flames
S am p les  o f  f la m e  so lids  w e re  e x tra c te d  b o th  across th e  w id th  a n d  a lo n g  
th e  le n g th  o f  th e  f la m e  o f  a n  e x p e r im e n ta l h ig h  te m p e ra tu re  s u p e rh e a te r16. 
T h e  s u p e rh e a te r  c h a m b e r  w as  c y lin d r ic a l, a p p r o x im a te ly  s ix  fe e t  in  d ia m e te r  
a n d  th ir t y  fe e t lo n g , fe d  v e r t ic a lly  d o w n w a rd  b y  a  s in g le  p . f .  b u rn e r . T h e  
m a x im u m  c o a l f ir in g  ra te  w as  o n e  to n  p e r  h o u r .
T h e  s u p e rh e a te r  w as  e x te n s iv e ly  in s tru m e n te d , m e a s u re m e n ts  b e in g  
m a d e  in  th e  f la m e  o f  te m p e ra tu re , v e lo c ity  a n d  gas c o m p o s it io n . S o m e  
o f  th e  resu lts  a re  s h o w n  s c h e m a tic a lly  in  Figure 17 (p a g e  2 4 ).
METHODS OF EXAMINATION 
The scanning electron microscope
T h e  C a m b r id g e  ‘S te re o s c a n ’ e le c tro n  m ic ro s c o p e  is in  e ffe c t a  re f le c t io n  
m ic ro s c o p e  u s in g  e le c tro n s  in s te a d  o f  l ig h t. I t  is c h a ra c te r iz e d  b y  a  m u c h  
g re a te r  d e p th  o f  fo c u s  a t  h ig h  m a g n if ic a t io n s  th a n  a n  o p t ic a l m ic ro s c o p e
9
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so that it has been particularly useful for studying the external surfaces of 
complete char particles.
For the highest resolution, particles must be examined under an electron 
beam of 20 kV energy, and precautions taken to avoid surface charging. 
To do this they were first scattered from a brush or spatula on to a thin layer 
o f wet ‘Aquadag' or ‘Silverdag’, spread on the mount, a \  in. diameter 
aluminium disc. The loose particles were blown off after the ‘dag’ had dried, 
and the mount coated with aluminium in a vacuum evaporating unit.
For rapid examination of many particles at low magnification, it was 
sufficient for the particles to be scattered on to a dry mount and examined 
under an electron beam of, usually, 2 to 5 kV energy. This technique has 
given good pictures at magnifications of up to about 3000, and is adequate 
for current purposes.
Figure 1. Ash from electrostatic precipitators High M arn- 
ham Power Station. M agnification: X 336 (3-36 mm on 
photograph =  10 microns. Figures 1 to 14 inclusive are 
reproduced without reduction)
A  disadvantage of the instrument is that it cannot distinguish between 
particles of different materials unless they have different characteristic 
topographies. We have therefore used samples of power station fly ash as 
a reference in recognizing ash particles (melted mineral particles) among 
the flame solids (Figure J).
Optical microscopy
A complementary optical technique has been used to provide pictures of the 
internal structures of particles. This involved mounting them in ‘Araldite'
10
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re s in , s e c tio n in g  th e m  a n d  p h o to g r a p h in g  th e m  b y  re fle c te d  l ig h t  u n d e r  a 
m ic ro s c o p e . ,
T h e  m o u n t in g  m e d iu m  w a s  a  m ix tu re  o f  ‘A r a ld i t e ’ re s in  M Y  7 5 0 , h a r ­
d e n e r  H Y  9 0 5  a n d  a c c e le ra to r  O Y  601 in  p r o p o r t io n s  b y  w e ig h t  1 0 0 :1 0 0 :2 .  
A b o u t  0 T '  g  o f  th e  c o a l o r  c h a r  w a s  p u t  o n  to  a  J  in .  th ic k  p l in th  o f  s o lid if ie d  
re s in  in  a  m o u ld  m a d e  o f  1 in .  o .d . c o p p e r  p ip e . A  J  in .  th ic k  la y e r  o f  l iq u id  
re s in  m ix tu re  w as  a d d e d , th e  re s in  a n d  s a m p le  s t irre d  a n d  th e  m o u ld s  p u t  
in to  a  v a c u u m  d e s ic c a to r. T h e  pres su re  w as  re d u c e d  th re e  tim e s  u n t i l  th e  
f r o t h  o f  A r a ld ite -s a m p le  m ix tu re  ro se  to  th e  to p  o f  th e  m o u ld s , th e  pressure  
b e in g  re tu rn e d  to  a tm o s p h e r ic  e a c h  t im e . T h e  m o u ld s  w e re  th e n  tra n s fe r re d  
to  a n  a ir  o v e n  a t  1 0 0 ° C  fo r  a  tw o  h o u r  p e r io d  fo r  c u r in g .
T h e  c y lin d e r  o f  ‘A r a ld i t e ’ b e a r in g . th e  d isp e rse d  s a m p le  w as  g ro u n d  
o n  a  co arse  (6 0  g ra d e ) e m e ry  w h e e l u n t i l  a  v e r t ic a l s e c tio n  th ro u g h  th e  
b e d  w a s  e x p o s ed . T h is  w a s  n ecessary  in  o rd e r  to  g e t a  re a s o n a b ly  re p re s e n ta ­
t iv e  s a m p le , o w in g  to  s e ttlin g  o f  th e  so lids  in  th e  l iq u id  re s in . T h e  res in  
su rface  w a s  m a n u a lly  p o lis h e d  u s in g  successively 2 2 0 , 3 2 0 , 4 0 0  a n d  6 0 0  g ra d e  
e m e ry  p a p e rs  o n  a  w a te r  ta b le  fo llo w e d  b y  6 , 1 a n d  J m ic r o n  d ia m o n d  dusts  
o n  lu b r ic a te d  p o lis h in g  w h e e ls , g iv in g  a b o u t  fiv e  m in u te s  p o lis h in g  w ith  
e a ch  g ra d e  o f  d u s t. T h e  sam p les  w e re  e x a m in e d  u s in g  a  R e ic h e r t  m e ta l­
lu rg ic a l m ic ro s c o p e .
EXPERIMENTAL RESULTS
Low temperature drop tube
A  s ieved  s a m p le  o f  R a w d o n  c o a l, 105  to  124 m ic ro n s , w a s  u sed  a n d  th e  
fu rn a c e  w a s  r u n  w ith  th e  w a l l  te m p e ra tu re  a n d  s e c o n d a ry  a ir  te m p e ra tu re  
b e tw e e n  3 0 0 °  a n d  8 0 0 ° C . P a rtic le s  w e re  c o lle c te d  a n d  e x a m in e d  u s in g  b o th  
th e  e le c tro n  a n d  o p t ic a l m ic ro s c o p e s . T h e  fo l lo w in g  p ic tu re  o f  c o a l s w e llin g  
a n d  d e v o la t i l iz a t io n  w a s  o b ta in e d .
Untreated pulverized coal Differences in particle microstructure were observable but 
microlithotypes were not identifiable. Particles were angular 
in outline with no pores visible (Figure 2).
Fissures opened up in the particles.
Differences in particle microstructure were still apparent.
Fissures were larger. Differences in particle microstructure 
were still apparent. Closed gas bubbles occurred inside some 
particles. Outlines of particles became rounded.
The majority of particles contained closed gas spaces and 
spaces in communication with the exterior (the latter 
inferred by the presence of resin inside the particles). In the 
section, the Araldite resin appears mid-grey in tone, the char 
light grey and the gas bubbles look black occasionally with 
white high lights. The outer surface was often raised in the 
form of swollen horns and the presence of large surface 
holes was common (Figures 3, 4).
Ignition occurred.
Above the ignition temperature, no obvious differences were 
apparent in particle structure due to the temperature of
11
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at 650°C to 800°C (cont.) treatment. At the highest temperatures, wastage was apparent 
and occurred particularly around the mouths of pores and 
surface holes. Away from the wasted area the particle surface 
often possessed a characteristically molten appearance.
Four main types of char particles were observed:
(/) relatively solid particles often with fissures and containing 
ash sandwiches;
(/'/) lacy cenospheres with many internal cross partitions. 
The specimens often possessed small (<2/xm) external 
pores and ash particles were frequently seen embedded in the 
walls (Figure 5).
(Hi) very thin walled balloons with few internal partitions 
(Figure 6). Occasionally the particles possessed very large 
external pores or rents.
( iv) thick walled cenospheres enclosing a central gas space 
often with no internal partitions. Very large surface holes 
(up to 15/nn for 120,u,m particle) were often seen and in cross 
section C-shaped cenospheres were typical.
The high temperature drop furnaces
The conditions in these tubes were not1 well controlled. Runs were intended
merely to indicate the effect o f exposure to fairly high temperatures for
longer periods than were available in the shock tubes, and occasionally, to 
observe the effects of partial oxidation.
Treatment times were between one and three seconds and the temperatures 
reached were approximately 1200°C for the particles treated in the platinum- 
rhodium wound furnace (17 and 70 micron Prince of Wales) and somewhat
Figure 2. Cwm coal particles. M agnification: x 293 (2-93 
mm on photograph =  10 microns)
12
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Figure 3. Particle o f  Rawdon Coal. Heat treated in a ir at 
500°C in drop furnace. Magnification: X 420 (4-20 mm on 
photograph 10 microns)
Figure 4. Particle o f  Rawdon coal. Heat treated in a ir at 
500°C in drop furnace. Magnification: X 280 (2-80 mm on 
photograph =  10 microns)
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less than I 000°C for those treated in the graphite furnace (61 micron Cwm, 
53-63 micron Rawdon, 70 micron Prince of Wales and Prince of Wales 
>295 micron). The B.S. Swelling Numbers of Prince of Wales, Rawdon and 
Cwm coals are 2, \  and 8 respectively.
A striking result was the production of a majority of swollen thin walled 
cenospheres in the 61 micron Cwm treated in argon in the graphite tube. 
The walls were about a micron thick and particles were sometimes twice or 
more the nominal diameter of the coal. Many collapsed spheres and frag­
ments of spheres were seen. Fragments were the chief products of air oxidation, 
which yielded very little solid material.
The large Prince of Wales particles were treated either in argon or re­
peatedly in air, up to four drops being made with the same particles in air. 
The intention was to seek evidence of oxidation well within the particles. 
However, this was not shown except at very late stages in the burning, when 
holes in the particle surface were extremely large. The particles never became 
spherical, usually retaining their angular shape and, in argon and the shorter
Figure 5. Lacy sphere o f  Rawdon coal. Heat treated in a ir 
at 800°C in drop furnace. Magnification: X 420(4-20 mm on 
photograph =  10 microns)
By contrast the 70 micron Prince of Wales and Rawdon coals treated in the 
same way and examined under the electron microscope, looked rounded, 
thick walled and little changed in size. The Prince of Wales particles from the 
platinum-rhodium furnace, which had probably been partly oxidized, were 
rounded and thin walled, often with holes in the walls several microns 
across, but they were not swollen in the way the Cwm char was.
14
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treatments in air, a smooth ‘molten’ appearance. Sections showed that 
while some particles were fairly dense and uniform, many had internal 
cavities over one hundred microns across, with thick walls containing many 
apparently closed pores of a few microns diameter. A few particles consisted 
almost entirely of cavity with thin cross partitions like the cenospheres of 
smaller particles.
Figure 6. Thin walled balloon o f  Rawdon coal. Heat treated 
in a ir at 700°C in drop furnace. M agnification: X 420 
(4-20 mm on photograph — 10 microns)
On oxidation the small pores were exposed first. The large cavities were 
exposed by the opening up of holes many microns across in the walls of 
the particles, which burned away by gradual erosion of the remainder o f the 
walls until sometimes only a very open basketwork could be seen (Figure 7). 
There was no definite evidence of oxidative attack down narrow pores or 
cracks.
Shock tubes
Effect o f temperature— Particles shock heated in nitrogen at between 500°C 
and 700°C showed little physical change from coal although when shock 
heated in oxygen at these temperatures they would ignite. Ignition was
15
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Figure 7. Particles o f  Prince o f  Wales coal (in itia l diameter 
>  295 microns). Heat treated in a ir at 1500°C in drop 
furnace, recycling three times. Magnification: X 58 (5-80 
mm on photograph =  100 microns)
Figure 8. Cenospheres from  60 micron diameter Cwm coal.
Shock heated in nitrogen at 1500°C. Magnification: X 282
(2-82 mm on photograph =  10 microns)
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d e fin e d  as th e  p o in t  a t  w h ic h  a  f la m e  e n v e lo p e  f i l le d  th e  w in d o w  se c tio n  o f  th e  
s h o c k  tu b e 15. I t  is th o u g h t  th a t  a t  th ese  te m p e ra tu re s  h e a t tra n s fe r  f r o m  th e  
tw o  gases w o u ld  cause a b o u t  th e  sam e te m p e ra tu re  rise  in  th e  p a rt ic le s .  
T h e r e fo re  ig n it io n  o c c u rre d  b e fo re  th e  p a rt ic le s  h a d  lo s t m u c h  v o la t i le  
m a tte r ,  w h ic h  seem ed to  c o n tr a d ic t  th e  e x p e rie n c e  w it h  th e  d r o p  tu b e .
G a s  te m p e ra tu re s  o f  a b o u t  9 0 0 ° C  b e h in d  th e  re fle c te d  s h o c k  f r o n t  w e re  
r e q u ire d  b e fo re  cen o sp h eres  w e re  c o m m o n ly  seen. C e n o s p h e re  fo r m a t io n  
p ro g re sse d  u n t i l  a b o u t  1 3 0 0 ° C  {Figure 8) w h e n  e le c tro n  m ic ro g ra p h s  in d ic a te d  
th a t  m o s t p a rt ic le s  h a d  b e e n  ‘m e lte d ’ . M a n y  p a rt ic le s , e v en  o f  6 0  o r  7 0  pm  
d ia m e te r , tre a te d  a b o v e  a b o u t  1 0 0 0 ° C  gas te m p e ra tu re  in  th e  s h o c k  tu b e  
a n d  e x a m in e d  in  s e c tio n  w e re  fo u n d  to  b e  w e l l  d e v e lo p e d  ce n o s p h ere s  w it h  
th in  w a lls . H o w e v e r ,  e v en  in  sa m p les  tre a te d  a t  te m p e ra tu re s  as h ig h  as 
2 6 0 0 ° C  in  th e  s h o c k  tu b e , th e re  w as  s t ill a  w id e  s p e c tru m  o f  p a r t ic le  ty p es , 
in c lu d in g  so m e th a t  lo o k e d  l ik e  o n ly  p a r t ia l ly  d e v e lo p e d  ce n o s p h ere s . T h is  
w a s  p e rh a p s  d u e  to  th e  fa c t  th a t  so m e p a rt ic le s  r e m a in e d  in  th e  c o o l lay ers  
o f  gas n e a r  th e  w a lls  a n d  d id  n o t  re c e iv e  th e  f u l l  t r e a tm e n t  p o s s ib le . T h e r e  
w a s  n o t  th e  f a i r ly  w e l l  d e fin e d  r e la t io n s h ip  b e tw e e n  t r e a tm e n t  te m p e ra tu r e  
a n d  p a r t ic le  s tru c tu re  o b s e rv e d  w it h  d r o p  tu b e  sam p les .
E ffe ct o f coal type— T h e  co a ls  tre a te d  ra n g e d  f r o m  a  n e a r  a n th r a c ite  to  lo w  
r a n k  co a ls . M o s t  o f  th e  w o r k  w a s  d o n e  o n  P r in c e  o f  W a le s , C w m  a n d  W o o d -  
sid e co a ls  (see Table 1).
T h e  resu lts  s h o w  th a t  th e re  w as  l i t t le  d iffe re n c e  in  b e h a v io u r  a m o n g  th e  
d iffe re n t ra n k s  th o u g h  h ig h  s w e llin g  co a ls  a p p e a re d  to  lo se  v o la t i le s  a n d  
fo r m  cen o sp h eres  s o m e w h a t m o r e  r a p id ly  th a n  lo w  s w e llin g  ones.
Large flames
F o u r  d if fe re n t co a ls  {Table 1) w e re  b u rn e d  in  th e  r ig  d u r in g  a  series o f  c o r ­
ro s io n  tr ia ls . I n  th e  tr ia ls  th e  c o m b u s t io n  c o n d it io n s  w e re  s im ila r ,  a lth o u g h  
in  t r ia l  3 th e  e x te n t o f  c o m b u s t io n  a t  th e  e n d  o f  th e  c h a m b e r  w a s  o n ly  a b o u t  
7 0  p e r  c e n t c o m p a re d  w it h  a p p r o x im a te ly  9 0  p e r  c e n t fo r  th e  o th e r  t r ia ls .  
A  z o n e  o f  re c ir c u la t io n  o c c u rre d  a b o u t  le v e l 4  th e  gases p a s s in g  c o u n te r  
c u rre n t  to  th e  m a in  je t .  T h e  re c ir c u la t io n  z o n e  w a s  g e n e ra lly  c h a ra c te r iz e d  
b y  a  h ig h e r  d e g ree  o f  p a r t ic le  c o m b u s t io n  a n d  g re a te r  c a rb o n  d io x id e  p e r ­
ce n ta g e  th a n  w as  fo u n d  a t  c o m p a ra b le  leve ls  in  th e  m a in  je t .
T h e  p h y s ic a l e x a m in a t io n  o f  th e  f la m e  so lid s  e x tra c te d  f r o m  th e  f la m e  
s h o w e d  th a t  th e  b u lk  o f  th e  p a rt ic le s  fo rm e d  ce n o s p h ere s  b e fo re  th e  f irs t  
p o r t  le v e l. I n  t r ia ls  3 a n d  4  so m e u n b u r n t  c o a l p a r t ic le s  w e re  o b s e rv e d  d o w n  
to  th e  secon d  p o r t  le v e l, b u t  w i t h  o n e  e x c e p tio n , n o  in te r m e d ia te  stages w e re  
o b s e rv e d  in  th e  fo r m a t io n  o f  cenosph eres .
I n  a l l  t r ia ls  fo u r  m a in  ty p e s  o f  c h ars  w e re  o b s e rv e d  (as  w i t h  th e  d r o p  tu b e ) :  
th e  s o lid  ty p e , o f te n  w it h  s a n d w ic h e s  o f  a s h ; th e  la c y  c e n o s p h e re ; th e  b a l lo o n  
c e n o s p h e re  a n d  th e  th ic k  w a l le d  ce n o s p h ere .
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Figure 9. Heavily eroded sphere o f  Shaw Cross coed. 
Position 1311, Second Corrosion trial. Magnification: 
X 307 (3-07 mm on photograph — 10 microns)
Figure 10. Detail o f  Figure 9. Magnification: X 3070
(3-07 mm on photograph =  1 micron)
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Along the flame, combustion proceeded with both internal and external 
erosion of the spheres (Figures 9, 10) but during the greater part o f their 
burning time their diameter remained approximately constant until com­
bustion had gone so far that the cenospheres fragmented. With relatively 
thin walled particles a significant reduction in diameter is impossible before 
disintegration occurs.
The bulk o f the carbon wastage appeared to have taken place around the 
mouths of the pores and surface irregularities and in the case of the lacy 
spheres and thick walled spheres erosion of the pore walls was often apparent 
to a considerable depth into the particles (Figure 11). Large pores or surface 
holes were a feature of the bulk of the chars observed. These could be as 
large as 20 microns diameter in a 100 micron diameter particle (Figure 12).
Figure 11. Lacy sphere o f  Shaw Cross coal. Position 1311, Second Corrosion tria l. 
Magnification: X 730 (7-30 mm on photograph =  10 microns)
At the end of the chamber, the samples were composed of ash particles, 
broken fragments of spheres and eroded particles of all types with the 
thick walled spheres (Figure 13) and lacy particles predominating. Both 
solid particle types (Figure 14) and balloon sphere types appeared to amount 
to only a few per cent o f all the particles examined. In the zone of recircula­
tion, combustible fragments, lacy spheres and small ash particles predomi­
nated. The inference is that only the lightest, smallest particles were carried 
upwards in the chamber.
In the electron microscope examinations the ash was observed as flakes 
or spheres adhering to the char or as discrete particles, sometimes (especially
19
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Figure 12. Surface detail showing pore and enclosed particles. Shaw Cross coal, 
Position 4 VI, Second Corrosion trial. Magnification: x 1 008 (10'08 mm on photo­
graph =  10 microns)
Figure 13. Thick walled spheres o f  Northumberland coal.
Position 2 III, First Corrosion trial. Magnification: X 420
(4-20 mm on photograph =  10 microns)
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at the beginnings of flames) irregularly shaped but more often spherical and 
up to 150 microns in diameter. Often the composite nature o f the ash was 
revealed in cross section by the presence of rings. Ash agglomerates were 
frequently seen, coal particle agglomerates occasionally. The latter could 
exist either as a collection of discrete particles or as single very large pieces 
which had presumably been formed from several smaller particles which 
had fused together during the sticky phase of devolatilization.
Figure 14. Solid (char) particle o f  Shaw Cross coal. 
Position 13 I I ,  Second Corrosion tria l. M agnification: 
x 420 (4-20 mm on photograph =  10 microns)
In samples from trials 2 and 3 curious collections of particles were observed. 
These took the form of spheres enclosing particles of both ash and combus­
tible matter (Figure 12). The enclosure walls were often very thin (walls \  mic­
ron thick were observed) but obviously strong. The phenomenon of ‘filled 
spheres’ may have been an artefact caused by sampling and the presence 
of foreign char particles, i.e. char particles of one type inside a sphere of 
another type, points to the artificial nature of these collections. However, 
they were not common to all trials despite the similarity o f the sampling 
methods.
DISCUSSION
Shock tube particle temperatures
The temperatures reached by the particles are inferred partly from ignition 
delay measurements coupled with heat transfer calculations15 and partly 
from emission and absorption measurements18.
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Figure 16. Schematic diagram o f  drop tube
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Probe positions
Position 1 V
T e m p  1050 °C 
Vel 25  f t / s  
P a r t i c l e  s i z e  
d0 140 
n 1-30
Posit io n  2 V I
T e m p  1200 °C 
Vet 35 f t / s  
P a r t ic le  s i z e  
d 0 110 
n 1-25
N o t e s
1. F la m e  c o n to u r  f i g u r e s  re fe r  
to p e r c e n t a g e  of o r ig in a l  coa l  
b u r n t
2. P a r t i c l e  s i z e
d 0 = c h a r a t e r i s t ic  p a r t ic le  
d i a m e t e r  m ic ro ns  
n= d i s t r i b u t i o n  e x p o n e n t  
in Rosin R amm ler  d istribut ion
1-R = -exp ( dTO
w h e r e
1-R = f ra c t i o n  by w e ig h t  
of p o w d e r  th ro u g h  sieve 
w ith  a p e r t u r e  d p m
Posit ion 13 V I
Scale
T e m p  9 0 0 ° C  
Vel 15 f t / s  
P a r t i c l e  s i z e  
d 0 60
n 0-90
feet
Figure 17. Schematic diagram o f Littlebrook flame
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F r o m  th e  fo r m e r  i t  m a y  b e  s h o w n  th a t  p a rt ic le s  h e a te d  b e h in d  re fle c te d  
sh ocks  a t  u p  to  a b o u t  6 0 0 ° C  re a c h  th e  gas te m p e ra tu re , a l lo w in g  f o r  th e  
h e a t a b s o rp t io n  b y  th e  p a rt ic le s  th e m s e lv e s . T h e  la rg e s t p a rt ic le s , 6 0  o r  
7 0  m ic ro n s  d ia m e te r , m a y  ta k e  m o s t o f  th e  a v a ila b le  t im e  to  re a c h  a  u n ifo r m  
te m p e ra tu re .
A t  h ig h e r  gas te m p e ra tu re s , th e  e v id e n c e  f r o m  l ig h t  e m is s io n  a n d  a b s o rp ­
t io n  m e a s u re m e n ts  is th a t  p a r t ic le  su rfaces  re a c h  e s s e n tia lly  th e  gas te m ­
p e ra tu r e  w e l l  w it h in  th e  r u n n in g  t im e  o f  th e  tu b e  a n d  b e fo re  s ig n if ic a n t  
d e v o la t i l iz a t io n  ra te s  a re  a c h ie v e d . C a lc u la t io n s  suggest th a t  th e  in te r io rs  
o f  th e  la rg e  p a rt ic le s  t re a te d  as s o lid  m a te r ia l  m a y  s t ill b e  5 0  o r  10 0  d e g .C  
c o o le r  th a n  th e  su rfaces  w h e n  tr e a tm e n t  en ds. H o w e v e r ,  th e  m a n y  h o llo w  
p a rt ic le s  w e  h a v e  o b s e rv e d  m u s t h a v e  re a c h e d  th e  gas te m p e ra tu re  in  th e ir  
e n tire ty .
Rates o f char formation
P a rtic le s  tre a te d  a t  a b o v e  1 3 0 0  ° C  in  th e  s h o c k  tu b e  w e re  f r e q u e n t ly  h ig h ly  
d e v o la t il iz e d . C a lc u la t io n s  b a sed  o n  th e  sectio ns  o b s e rv e d  in d ic a te  th a t  th e y  
m a y  h a v e  lo s t u p  to  7 0  p e r  c e n t o f  th e ir  o r ig in a l v o lu m e  o f  m a te r ia l ,  th o u g h  
tre a te d  f o r  as fe w  as th re e  m illis e c o n d s . T h e y  w e re  s im ila r  to  d r o p  tu b e  
c h a r  p a r t ic le s  tre a te d  fo r  m u c h  lo n g e r  tim e s  n e a r  o r  a b o v e  th e  ig n it io n  
te m p e ra tu re .
H o w e v e r ,  a t  5 0 0 ° C  o r  6 0 0 ° C  ce n o sp h eres  w e re  w e l l d e v e lo p e d  in  th e  d ro p  
tu b e  w h e re a s  s h o c k  h e a te d  c o a l p a rt ic le s  s h o w e d  l i t t le  c h a n g e  u n t i l  o v e r  
9 0 0 ° C  gas te m p e ra tu re .
T h e r e  is l i t t le  d iffe re n c e  b e tw e e n  th e  ra te s  o f  h e a tin g  o f  6 0  m ic r o n  p a rt ic le s  
in  s h o c k  h e a te d  gas a t  8 0 0 ° C  a t  f a i r ly  h ig h  p re s s u re  a n d  in  a  d r o p  tu b e  w it h  
gas a n d  w a l l  te m p e ra tu re s  o f  8 0 0 °C . T h is  is b e cau se  th e  th e r m a l c o n d u c t iv ity  
o f  gases d o es  n o t  v a r y  g re a tly  w i t h  p re s s u re  a n d  b ecau se  th e  h e a tin g  o f  
p a rt ic le s  b y  r a d ia t in g  w a lls  is  n o t  a  la rg e  e ffe c t c o m p a re d  w it h  h e a t in g  b y  
h o t  gas a t  u p  to  9 0  p e r  c e n t o f  8 0 0 ° C . I t  is l ik e ly  th e re fo re  th a t  th e  d iffe re n c e  
in  re s u lts  f r o m  th e  tw o  system s as a  f u n c t io n 'o f  te m p e ra tu re  is  d u e  to  th e  
d iffe re n c e  in  h e a tin g  t im e s  a n d  im p lie s  a  f a i r ly  h ig h  te m p e ra tu r e  c o e ff ic ie n t  
to  th e  in i t ia l  d e v o la t i l iz a t io n  process . D e v o la t i l iz a t io n  a t  b o ile r  f la m e  te m ­
p e ra tu re s  is  th e n  a  fa s t  p ro cess  in  te rm s  o f  p a r t ic le  v e lo c it ie s  in  a  b o ile r ,  b u t  a t  
ig n it io n  te m p e ra tu re s  is  m u c h  s lo w e r.
I t  is a ls o  p o s s ib le  th a t  th e  e x tre m e  s w e llin g  o b s e rv e d  in  s o m e  p a rt ic le s  
tre a te d  in  th e  d r o p  tu b e  (see p a g e  1 2 ) a n d  n o t  o b s e rv e d  in  s h o c k  tu b e  
sa m p les  is d u e  to  th e  d e v e lo p m e n t in  th e m  o f  a n  in te r n a l  p re s s u re  s o m e w h a t,  
b u t  n o t  m u c h , g re a te r  th a n  a tm o s p h e r ic . T h e  h ig h e r  p ressures in  th e  s h o c k  
tu b e  m ig h t  h a v e  su pp ressed  th is  e x tre m e  s w e llin g .
Ignition in drop tubes and shock tubes
Ig n i t io n  in  b o th  s h o c k  a n d  d r o p  tu b e s  to o k  p la c e  a t  ro u g h ly  th e  s a m e te m ­
p e ra tu re . H o w e v e r ,  in  th e  d r o p  tu b es  a t  te m p e ra tu re s  a  l i t t le  b e lo w  ig n it io n  
p o in t  a n d  in v o lv in g  h e a t t r e a tm e n t  t im e s  a b o u t  a  h u n d re d  tim e s  g re a te r  th a n  
in  c o n v e n t io n a l system s, n o  ig n it io n  to o k  p la c e  d e s p ite  c o n s id e ra b le  v o la t i le
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loss. I n  th e  s h o c k  tu b e s  a t  s o m e w h a t h ig h e r  te m p e ra tu re s , a n d  w ith  h e a t  
tr e a tm e n t  tim e s  (b e tw e e n  th e  passage o f  th e  re fle c te d  s h o c k  a n d  th e  a p p e a r ­
an ce  o f  f la m e  e m is s io n ) d o w n  to  o n e  te n th  o f  c o n v e n tio n a l ig n it io n  tim e s , 
ig n it io n  d id  o c c u r, d e s p ite  v e ry  s m a ll v o la t i le  loss.
Ig n i t io n  te m p e ra tu re s  a n d  d e lays  h a v e  b e e n  m e a s u re d  in  th e  s h o c k  tu b es  
o v e r  a  w id e  ra n g e  o f  p ressures a n d  o x y g e n  c o n c e n tra t io n s 15. A s  th e  c o n ­
d it io n s  a p p ro a c h e d  th o s e  in  th e  d r o p  tu b e  th e  ig n it io n  d e la y s  b e c a m e  v e ry  
lo n g  in  s h o c k  tu b e  te rm s , th a t  is m a n y  m illis e c o n d s . F u r t h e r ,  i t  seem s th a t  
in  th e  s h o c k  tu b e s  ig n it io n  to o k  p la c e  c lose to  th e  su rfaces  o f  th e  p a rt ic le s  
o r  o n  th e m  as E s s e n h ig h  a n d  H o w a r d  h a v e  suggested17, w h e re a s  in  th e  
d r o p  tu b e  th is  is n o t  n e c e s s a rily  so. Ig n i t io n  m a y  in  th is  case ta k e  p la c e  in  th e  
gas b e tw e e n  th e  p a rt ic le s , th e  d e la y  b e in g  c h e m ic a l in  o r ig in . F a i lu r e  to  
ig n ite  a t  lo w  te m p e ra tu re s , d e s p ite  v o la t i le  loss, m a y  th e n  b e  d u e  to  fa i lu r e  
to  fo r m  th e  n ecessary  c o n c e n tra t io n  o f  fu e l o r  a c tiv e  species in  th e  gas.
Type o f char particle
T h e  d r o p  tu b e s  a n d  th e  la rg e  fla m e s  y ie ld e d  p a rt ic le s  w h ic h  c o u ld  b e  c la ss ified  
in to  fo u r  m a in  ty p es . T h e s e  p e rh a p s  re p re s e n t th e  e n d  p ro d u c ts  o f  th e  
e v o lu t io n  o f  d if fe re n t m ic ro lith o ty p e s  in  th e  p a re n t  co a ls .
Combustion characteristics o f  char particles
T h e  g re a t m a jo r i ty  o f  c o a l p a rt ic le s  in  fla m e s  fo r m  cen o sp h eres . O b s e rv a ­
tio n s  th a t  h a v e  b e e n  m a d e 19 o n  th e  ab sen ce o f  ce n o sp h eres  c a n  o n ly  b e  
re la te d  to  th e  d if fe re n t p a r t ic le  sizes c o n s id e re d  o r  to  th e  e x p e r im e n ta l  
te c h n iq u e s  in v o lv e d ;  in  e ith e r  case th e  c o n c lu s io n s  th a t  h a v e  b e e n  d r a w n  
m a y  n o t  b e  v a l id  f o r  p . f .  c o m b u s t io n .
T h e r e  w a s  l i t t le  d iffe re n c e  b e tw e e n  th e  c h ars  f r o m  d if fe re n t  co a ls  b u rn e d  
in  th e  la rg e  fla m e s . O n ly  o n e  c o a l w i t h  a  m o d e ra te ly  h ig h  s w e llin g  n u m b e r , 6 , 
w as  used a n d  n o  m o r e  b a llo o n  ce n o sp h eres  w e re  seen f r o m  th is  th a n  f r o m  th e  
o th e r  co a ls . I t  is n o t  k n o w n  w h a t  p r o p o r t io n  o f  th e  v a r io u s  ty p es  o f  p a rt ic le s  
fo rm e d  in  th e  f la m e  w e re  a c tu a lly  s a m p le d . I n  th e  case o f  th e  b a llo o n  c e n o ­
sp heres in  p a r t ic u la r ,  i t  is  c o n c e iv a b le  th a t  th e y  w e re  b u r n t  so r a p id ly  th a t  th e  
n u m b e r  c o lle c te d  d id  n o t  b e a r  a  c lose r e la t io n s h ip  to  th e  n u m b e r  p ro d u c e d .
H o w e v e r ,  w e  d id  e s ta b lis h  th a t  in  la rg e  fla m e s  th e re  w e re  c o n s id e ra b le  
n u m b e rs  o f  p a rt ic le s  o f  th e  d e n se r ty p es , h a v in g  s o lid  s tru c tu re  w e l l in to  
th e ir  in te r io r s , o r  w a lls  s e v e ra l m ic ro n s  th ic k . W h i le  th e  ‘ s o lid ’ p a rt ic le s  
m a y  h a v e  b e e n  th e  s lo w es t to  b u rn , th e y  w e re  n o t  v e ry  c o m m o n  a n d  m a y  n o t  
h a v e  b e e n  so im p o r ta n t  in  d e te rm in in g  th e  a m o u n t  o f  u n b u r n t  c a rb o n  as th e  
th ic k  w a l le d  (C -s h a p e d ) a n d  ‘la c y ’ ce n o s p h ere s , w h ic h  w e re  c o m m o n  a n d  
p e rs is te d  f o r  lo n g  tim e s  in  th e  fla m e s .
F r o m  o b s e rv a tio n s  o f  p a r t ly  b u rn e d  ce n o sp h eres  i t  w as  d e d u c e d  th a t  th e ir  
c o m b u s t io n  h a d  passed th ro u g h  th e  fo l lo w in g  c h a ra c te r is tic  s tag e s :
(1 )  W a s ta g e  to o k  p la c e  ir re g u la r ly  o v e r  th e  su rfaces , e s p e c ia lly  a r o u n d  p o re  
m o u th s .
(2 )  H o le s  a p p e a re d  a l l  o v e r  th e  p a rt ic le s  a n d  e x is tin g  h o les  b e c a m e  la rg e r ,  
g iv in g  g r a d u a l ly  in c re a s in g  access to  th e  in te r io rs .
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(3 )  T h e  p a rt ic le s  a p p e a re d  to  b u r n  a t  a p p r o x im a te ly  c o n s ta n t d ia m e te r  b u t  
w it h  g r a d u a l ly  d e c re a s in g  e x te rn a l s u rfa c e , th e  w a s ta g e  ta k in g  p la c e  to  a n  
in c re a s in g  e x te n t o n  th e  in te r n a l  su rfaces .
(4 )  F in a l ly ,  th e  p a rt ic le s  fra g m e n te d .
S o lid  p a rt ic le s  b u rn e d  b y  p i t t in g  o f  th e  su rfaces  u n t i l  la rg e  h o les  a p p e a re d  
a n d  th e n  in  th e  sam e w a y  as th e  o th e r  ty p e s , b u t  in  a t te m p tin g  to  b u ild  u p  
a n y  m a th e m a tic a l m o d e l w i t h  th ese  c h a ra c te ris tic s  i t  m ig h t  b e  s im p le r  to  
as su m e th a t  o n ly  th e  th ic k  w a l le d  a n d  ‘la c y ’ cen o sp h eres  a re  im p o r ta n t  in  
le n g th e n in g  th e  f la m e  a n d  y ie ld in g  u n b u r n t  c a rb o n . O n e  c o u ld  th e n  say, 
p e rh a p s , th a t  th e  th ic k  w a l le d  c e n o s p h e re  has a n  a v a ila b le  a re a  tw ic e  its  
e x te r n a l a re a  b u t  w i t h  p a r t  o f  i t  o n ly  ‘access ib le ’ to  a  l im ite d  d e g ree  (th r o u g h  
a  la rg e  h o le  such as w e  h a v e  seen). T h e  ‘la c y ’ spheres w o u ld  b e  re p re s e n te d  
b y  a  r e g u la r  s tru c tu re  w h o s e  ‘a c c e s s ib ility ’ v a rie s  w it h  d e p th  in to  th e  p a r t ic le .  
T h e  ‘ac c e s s ib ilitie s ’ w o u ld  th em se lv es  b e  fu n c t io n s  o f  c a rb o n  b u rn o f f .  I t  
s h o u ld  b e  p o s s ib le  to  see h o w  f a r  th ese m o d e ls  d e p a r t  k in e t ic a lly  f r o m  th a t  o f  
th e  s im p le  re d u c in g  sp here .
A s h  w a s  seen m o s t ly  as s e p a ra te  p a rt ic le s  o r  as s m a ll sp heres , o f te n  less 
th a n  te n  m ic ro n s  in  d ia m e te r , e m b e d d e d  in  th e  c h a r . E x c e p t b y  c a ta ly s is  i t  
is n o t  o b v io u s  h o w  th e y  c o u ld  a ffe c t b u rn in g . H o w e v e r ,  e s p e c ia lly  a t  th e  ta i l  
o f  th e  f la m e , a g g lo m e ra te s  o f  th ese  s m a ll p a r t ic le s  w e re  seen, s o m e tim e s  
a tta c h e d  to  th e  re s id u u m  o f  a  c h a r  p a r t ic le , w h o s e  f in a l b u r n in g  o u t  th e y  
m ig h t  h a v e  im p e d e d .
CONCLUSIONS
(7 )  C o a l  p a rt ic le s  T ie a te d  a t  ra te s  o f  th e  o rd e r  o f  105 deg . C /s e c  to  te m p e ra tu re s  
o v e r  1 0 0 0 ° C  m a y  lo se  u p  to  7 0  p e r  c e n t o f  th e ir  v o lu m e  o f  so lid s  in  a  fe w  
m illis e c o n d s  to  fo r m  c h a ra c te r is tic  h o l lo w  th in  w a l le d  ce n o s p h ere s . H e a t in g  
ra te s  o f  th is  o r d e r  a re  a b o u t  th e  m a x im u m  e n c o u n te re d  in  c o n v e n t io n a l  
b o ile rs  (see re f . 2 0 ) .
(2) P a r tic le s  h e a te d  a t  th ese  ra te s  to  te m p e ra tu re s  b e tw e e n  5 5 0 ° C  a n d  
1 0 0 0  ° C  s u ffe r  l i t t le  c h a n g e  in  a  fe w  m illis e c o n d s  b u t  b e c o m e  ty p ic a l c e n o ­
spheres w h e n  m a in ta in e d  a t  te m p e ra tu re  f o r  t im e s  o f  th e  o r d e r  o f  o n e  se co n d .
(3 )  P a r tic le s  m a in ta in e d  a t  b e tw e e n  3 0 0 ° C  a n d  5 0 0 ° C  f o r  o n e  se co n d  s h o w  a  
s m a lle r  d e g ree  o f  c h a n g e  w h ic h  is c h a ra c te r is tic  o f  th e  tr e a tm e n t  te m p e ra tu r e .
( 4)  F u l ly  d e v e lo p e d  c h a r  p a rt ic le s  f r o m  th e  d r o p  tu b e  a n d  la rg e  f la m e s  a re  
o f  fo u r  c h ie f  ty p e s : th in  w a lle d  h o l lo w  ce n o s p h ere s , th ic k  w a l le d  h o l lo w  
ce n o s p h ere s , ‘la c y ’ cen o sp h eres  w ith  m a n y  in te r n a l p a r t it io n s , a n d  s o lid  
p a rt ic le s . T h e  c o n s is ten cy  o f  th is  o b s e rv a tio n  has le d  to  th e  su g g es tio n  
t h a t  th e  fo u r  ty p es  a re  d e r iv e d  f r o m  d iffe re n t m ic r o lith o ty p e s  in  th e  c o a l. 
H o w e v e r ,  th e  o b s e rv a tio n  th a t  lo n g  h e a tin g  o f  p a rt ic le s  o f  h ig h  s w e llin g  co a ls  
p ro d u c e s  m o s t ly  la rg e , v e ry  th in  w a l le d  h o l lo w  sp heres to  s o m e e x te n t  
c o n tra d ic ts  th is  su g g estio n . N e a r ly  a l l  ce n o s p h ere s  h a v e  h o le s  s e v e ra l m ic ro n s  
across in  th e ir  su rfaces .
(5 )  Ig n i t io n  o b s e rv a tio n s  s h o w  th a t  u n d e r  c o n d it io n s  o f  f a i r ly  h ig h  o x y g e n
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p a r t ia l  p res su re , a t  p ressures a b o v e  a tm o s p h e r ic , ig n it io n  ta k e s  p la c e  o n  o r  
n e a r  th e  c o a l p a r t ic le  s u rfa c e  a f te r  l i t t le  v o la t i le  e v o lu t io n . A s  o x y g e n  p a r t ia l  
pres su re  is de crease d , th e  d e la y s  in c re a s e  a n d  th e re  is a  p o s s ib ility  th a t  in  a ir  
a t  a tm o s p h e r ic  p res su re  (as  in  th e  d r o p  tu b e ) , ig n it io n  is a  gas p h a s e  p h e n o ­
m e n o n  ta k in g  p la c e  a f te r  c o n s id e ra b le  v o la t i le  loss h as  o c c u rre d .
(6) I n  la rg e  f la m e s , p a rt ic le s  w it h  th e  m o s t ex te n s iv e  in te r io r  s tru c tu re  
s u rv iv e  lo n g e s t. T h e  p a rt ic le s  m o s t l ik e ly  to  a p p e a r  as u n b u r n t  c a rb o n  a re  th e  
th ic k  w a lle d  a n d  ‘la c y ’ cen o sp h eres .
(7 )  B o th  s m a ll a n d  la rg e  p a rt ic le s  b u r n  a t  a p p r o x im a te ly  c o n s ta n t s ize b y  
ir r e g u la r  e ro s io n  o f  th e  o u te r  s u rfa c e , p r o d u c in g  la rg e  h o le s , th e n  b y  a t ta c k  
b o th  o n  th e  o u te r  su rfa c e  a n d  w it h in  th e  p a rt ic le . T h e  p a r t ic le  s tru c tu re  
g ro w s  in c re a s in g ly  o p e n  u n t i l  i t  b re a k s  u p .
(8) A s h  p a rt ic le s  h a v e  b e e n  o b s e rv e d  e m b e d d e d  in  c h a r  p a rt ic le s  a n d , p a r t ic ­
u la r ly  a t  th e  ends o f  fla m e s , in  a g g lo m e ra te s  w it h  fra g m e n ts  o f  c h a r  a t ta c h e d , 
T h e y  m a y  im p e d e  th e  c o m b u s t io n  o f  th ese  a n d  th e re b y  a d d  s lig h tly  to  th e  
u n b u r n t  c a rb o n .
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68— Pwr-1
Advancing Boiler Steam Conditions
Factors preventing the advancement o f steam temperature in  power p lan t are discussed. 
The construction o f a coal-fired p ilo t p lan t designed to superheat steam to 76 0  deg C 
(1400  deg F )  is described and the results of corrosion tria ls  analyzed. Conclusions are 
draw n fro m  the experiments re lating to possible advances in  design.
introduction
A pakt from a small number of notable exceptions, 
modern coal-fired steam power plant design has been restricted to 
steam conditions of 566 deg C (1050 deg F) and 2400 psi. This 
is partly due to the high cost of materials with adequate strength 
for operation at higher temperatures, but the main technical 
reason is undoubtedly the excessive tube wastage due to corrosion 
by fuel impurities which occurs at metal temperatures in excess 
of 600 deg C (1112 deg F).
A considerable amount of research 011 this topic has been, and 
is being, carried out internationally but the problem has remained 
largely unsolved. The ASME (in 1955) commissioned a com­
prehensive literature survey [ l ]1 which eventually led to the 
formulation of the current ASME program of research. Other 
programs are in operation in Germany and Australia. In Britain, 
much information on deposition and corrosion mechanisms re­
sulted from work under the auspices of the Boiler Availability 
Committee [2]. To mark the opening of its Marchwood Engi­
neering Laboratories, the Central Electricity Generating Board 
held an international conference on “The Mechanism of Corrosion 
by Fuel Impurities,” [3] but no solution to the problem was re­
ported there or at similar conferences which have been held else­
where since that date. Against this background of apparent 
intractability, any new approach becomes of interest.
Investigations by the CEGB of the Field Cycle [4], a high 
temperature steam cycle promising high thermodynamic ef­
ficiency, are of interest not only because of the technical innova­
tion involved but also because one practical outcome of the re­
searches might point the way to advances in temperature in more 
conventional plant design.
The Field Cycle is, in effect, a gas turbine cycle operating on 
steam, with compression and heating of the working fluid in the 
gaseous state. Although only moderate pressures are required, 
steam temperatures of 760 deg C (1400 deg F) are needed for 
efficient operation. The materials duty in the direct fired super­
heater is thus more onerous than in conventional plant and with 
less margin for error. To avoid local overheating, a rigorous 
method of describing the pattern of heat release is required. A 
method of doing this for a symmetrically fired, coal burning sys­
tem has been evolved [5] which shows reasonably good correla­
tion with practice.
An experimental coal fired chamber was built to assess the 
feasibility of producing steam at 760 deg C (1400 deg F), to 
evaluate the combustion theories used in the design, and to 
investigate the performance of the materials used. This paper 
describes the engineering philosophies behind the concept, 
which are applicable to more general advances in boiler design, 
and gives an account of the materials behavior, in particular,
1 Numbers in brackets designate References at end of paper.
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Power Generation Conference, San Francisco, Galif., September 16- 
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resistance to high temperature corrosion by coal ash, established 
du ring  a series of performance tria ls.
Engineering Philosophy Leading to Higher Temperatures
Faced with the problem of designing a steam cooled combustion 
chamber or any highly rated advanced plant, the designer must 
carefully examine the features which restrict the temperature of 
operation of conventional boilers to see how the underlying 
problems can be overcome. Areas which require particular at­
tention are as follows:
Symmetry of Flow. The flow patterns in conventional 
boilers are complex and do not lend themselves to precise analy­
sis. Most conventional methods of burner positioning lead to 
asymmetry of flow with a curved flame path (often “U ” shaped), 
and large associated vortices of recirculating burnt gas [6]. 
These factors lead to a non uniform heat flux distribution to the 
chamber walls. The recirculation areas are often relatively cool 
and underutilized while the region adjacent to the point of di­
rection change of the flame is highly loaded, with the possibility 
of flame impingement and slag deposition. Thus the average 
rating of the chamber must be made conservative if local over­
heating is to be avoided.
A straightforward flow system would reduce the chance of 
impingement and confine recirculation to the neighbourhood of 
the flame, thus promising a more uniform heat flux to the walls, 
a fuller utilization of combustion chamber volume, and the pos­
sibility of a more compact design. Such a system might result 
from axisymmetrical firing which, being relatively simpler aero- 
dynamically, would also be more amenable to theoretical treat­
ment and to a more rigorous prediction of local heat flux varia­
tion.
Surface-lo-Vo!ume Ratio. As conventional boilers have increased 
in steaming capacity, so their volume has increased. Owing to 
the existence of a critical value of heat flux above which burnout 
of tubes occurs, the total heat absorbed at the walls is controlled 
by the surface area available. In practice this is increased above 
the theoretical minimum by a suitable safety margin. Thus, as 
boiler volumes have increased, the heat release per unit volume 
has steadily fallen, and to counter this, boiler geometry has been 
continuously adjusted to maintain a high surface-to-volume 
ratio. Divided combustion chambers have been used to this end 
in some types of contemporary boilers.
In the Field Cycle plant this problem is particularly acute be­
cause the combustion chamber is cooled by steam which is at a 
higher temperature than the water in the combustion zone of 
conventional boilers. Thus to avoid overheating the wall tubes, 
the surface-to-volume ratio must be maintained at the highest 
possible level. A multicell form of construction with the com­
bustion chamber divided into a number of compartments, each 
with its own burner, was suggested at the outset as the basis of a 
commercial Field Cycle superheater [7]. This design insures a 
high surface-to-volume ratio and is endowed with symmetrical 
flow. The scheme also lends itself to downward, upward, or 
horizontal firing.
1
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Corrosion of Superheater Banks. High temperature corrosion in 
conventional boilers, when it occurs, takes place in the secondary 
superheater and reheater tube banks which are placed in cross 
flow at the exit from the combustion chamber. It is generally 
associated with gas temperatures greater than about 1000 deg C 
(1832 deg F), and metal temperatures in excess of 600 deg C 
(1112 deg F) in coal fired plants, there being some variation due 
to type of coal. It is not unreasonable to suppose that if deposi­
tion of ash can be avoided or drastically reduced, corrosion rates 
might be diminished. For instance, in a symmetrically fired 
system with radiant heat exchange to surrounding, high tem­
perature walls placed in the boundary layer of flowing gases 
little deposition of ash might be expected to take place.
The Critical Temperature Range 5 0 0 -7 5 0  Deg C (9 3 2 -1 3 8 2  Deg F). 
Probe tests have shown [8] that when the corrosion rate is plotted 
against temperature for high sulfur coals, it exhibits a bell 
shaped curve with a peak in the range 500-750 deg C (932- 
1382 deg F). This may be due to the formation of complex com­
pounds which are known to be molten in this range, but which 
above it become unstable [9]. It was not certain at the outset of 
these experiments whether the bell-shaped curve would be exhib­
ited in practice by the coals met with in the United Kingdom, 
which on the average contains less than 2 percent sulfur, and one 
objective was to find if this were so. I t  is possible in theory, that 
this phenomenon could be exploited in the design of high tempera­
ture plants. For instance, it is logical to assume that operation at 
850 deg C (1562 degF) might result in lower corrosion rates than 
those within the critical range, 500-700 deg C (932-1292 deg F). 
However, the critical range will still pose problems which must be 
overcome by ingenuity of plant layout designed to keep metal 
temperatures out of this range while the gas cools continuously 
from the flame temperature.
A general objective of the experimental program was to es­
tablish whether some of the notional concepts outlined in the 
foregoing could be exploited in practice, and to demonstrate 
whether performance data obtained could be used as the basis of 
design for a multicell system suitable for commercial operation.
Description of Plant
The corrosion experiments were carried out in a cylindrical 
combustion chamber approximately 40 ft high and fired by a pf 
flame from the top, Fig. 1. The walls of the chamber were 
lined with steam-cooled tubes joined at each end by a header of 
toroidal form. Four tubes, arranged at 90 deg intervals around
pulverised 
quart yooal burner
steam In
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test element 
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steam out
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Fig. 1 Combustion chamber: experimental high temperature superheater
important properties required of the metals, in addition to corro­
sion resistance and adequate creep strength at maximum operat­
ing temperature, were ease of formation, weldability, freedom 
from embrittlement, thermal conductivity, and price.
From the range of materials available in Great Britain two 
materials were chosen which, it was thought, offered the best 
compromise among these requirements. These were:
Nimonic 90, manufactured by Henry Wiggin Ltd.
G19, manufactured by Jessop Saville Ltd.
Of the 149 tubes installed in the superheater, 6 were Nimonic 
90, 22 were of G19 alloy, and the remainder were composed of
Material Cr Ni
G19 19 13
Nimonic 90 20 bal
AISI 347 18 12
Table 1 Composition of tube metals
Mo
q
Co
10
18
Nb
3
W
1.5
Ti
2.3
A1
1.4
C Fe
0.4 bal
0.08 3
0.07 bal
the circumference of the chamber, were fitted with thermocouples 
equispaced at eight points along the tube length to measure 
steam and tube metal temperatures [10].
Fourteen access ports were also provided for the insertion of 
water cooled probes to investigate combustion conditions and 
deposition rates, and provision was made for the insertion of two 
corrosion test probes—in effect removable wall tubes, each with 
its own independent steam supply.
The design characteristics of the superheater were as follows:
Steam flow Approx. 100,000 \b/h
Steam pressure 200 lb /in .2 at inlet
Steam temperature 760 deg C maximum (1400 deg F)
Coal firing rate 1 ton/h  maximum
Fire side heating surface 1856 ft2
Tube metal temperature 850 deg C maximum (1562 deg Fj
Construction. Due to the advanced conditions envisaged, heat 
resisting alloys unfamiliar to steam practice were used for the 
inlet and outlet headers and the superheater elements. The most
AISI type 347. Typical compositions are shown in Table 1.
It was originally intended to construct the superheater entirely 
of G19 and Nimonic 90, but fabrication difficulties (which were 
subsequently resolved), held up the program, and it was decided 
to complete the superheater using type 347 material and with the 
tubes running above their normal operating temperature for the 
limited period of the trials.
The complete tubes were assembled by butt-welding together 
ib  i t  lengths with subsequent heat treatment. The inlet header, 
constructed of 1 percent Cr/0.5 percent Mo, was relatively con­
ventional and posed no special problems either of fabrication or 
heat treatment. The outlet header, however, was fabricated in 
G19 material, and the large butt welds between sections initially 
posed problems of weld cracking. These were resolved by using 
a special buttering technique.
The Mechanism of High-Temperature Corrosion
Information which existed concerning the corrosion of both
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the G19 and Nimonic 90 alloys under conditions relevant to ad­
vanced boiler operation was virtually nonexistent. Even when 
data were available, comparisons were often not feasible because 
of the varying test methods employed by manufacturers [10]. 
The need for experimentation was evident.
In general, three main types of corrosion reactions can occur 
on the tube elements of pf fired boilers: oxidation in flue gas; 
attack in a reducing atmosphere by carbon and/or sulfur contain­
ing compounds; attack by the mineral constituents of the coal.
Given good combustion in the superheater, i.e., in the absence 
of strongly reducing conditions to which the Nimonic 90 alloy 
would probably be most susceptible to attack, corrosion by min­
erals was considered to be the most important of these mechanisms 
of attack.
Attack by M ineral Constituents
In British coals, the water soluble content of the coal, consist­
ing mainly of alkali compounds, together with sulfur (either 
organically or inorganically bound), is thought to be the most ag­
gressive component. Chlorine content (which infers alkali chlo­
ride content) has been used as an index of corrosiveness of British 
coals. The average sulfur content in all coals supplied to British 
power stations is 1.7 percent, while chlorine content can vary from 
less than 0.2 percent (common) [11] to over 1.0 percent (rare). 
The few coals of very high chlorine content have relatively low 
sulfur contents.
Formation and Deposition of Aggressive Constituents. Alkali chlo­
rides are easily volatilized in flames and may react partially or 
completely with sulfur oxides either in the gas phase or after 
they have deposited on tube metal surfaces to form sulfates. 
Deposition can obviously take place only when tube metal tem­
peratures permit. Sulfur oxides, both SO2 and SO3 are formed by 
the oxidation of sulfur compounds present in the coal. The for­
mation of SO3 is favored by an increase in the amount of excess 
air, while some SO3 may also be formed by the oxidation of SO2 
diffusing'through tube deposits [9].
A lka li Trisulfates. Several workers, mainly in the United States 
and Germany [9, 12] consider that complex sulfate species of 
the form (Na, K)3(Fe, Al)(S(h)3 have been largely responsible 
for the cases of severe corrosion reported from stations burning 
coal of high alkali content and employing final steam tempera­
tures of 565 deg C (1050 deg F) and above.
It is postulated that normal sulfates in the tube deposits react 
with the iron and/or aluminium compounds of the coal ash in the 
presence of SO3 to form the complex salts:
3(Na, K)2R04 +  (Fe, A1)20* -f  3S02 +  3 /2 0 s
— 2(Na, K)3(Fe, Al)(8O0*
The complex may then react with the metal according to the 
following equation:
3Fe +  S O r Fe304 +  S*
Experience under both operating conditions and in the labora­
tory has been restricted to ferrous metals (and is therefore more 
relevant to the G19 alloy). Corrosion within the temperature 
range 500-750 deg C (932-1382 deg F) is characterized by a typi­
cal bell-shaped loop of metal loss, the metal loss being much 
greater than could be accounted for by gas side corrosion alone.
It is thought that the inception of increased attack coincides 
with the melting point of the mixture of trisulfate complexes 
present, and that the corrosion rate increases with temperature 
until the complexes become unstable and decompose. A high 
percentage of potassium salts in the mixture raises the melting 
point, thus resulting in increased attack at higher temperatures.
Pyrosulfates. It has also been postulated that at temperatures 
up to 600 deg C (1112 deg F) acidic sulfates (pyrosulfates) are 
the dominant species in the attack [13]. Controversy hinges on 
the stability of pyrosulfates under boiler conditions and particu­
larly those concentrations of SO3 which can exist in localized
regions under tube deposits.
Galvanic Cell Attack by Fused Sulfates. An electrochemical ap­
proach to understanding the mechanism of gas side corrosion 
has been used by Burrows and Hills [14]. They have stressed 
the importance of a galvanic cell attack involving fused sulfate 
melts and boiler tube metals. A crucial role is apparently played 
by SO3, which is both oxidizing and acidic.
It has also been suggested that corrosion may take place by the 
galvanic effects of liquid/solid couples. For example, regions of 
metal covered by liquid sulfates would, it is thought, be made 
more anodic by their contact with metal under a solid deposit 
and would corrode more rapidly [15].
Halides. Several authors have shown that traces of alkali and 
alkaline-earth halides added to alkali sulfates greatly accelerate 
the rate of corrosion at temperatures up to at least 800 deg C 
(1472 deg F) [16, 17]. The mechanism of attack is not thor­
oughly understood, although an electrochemical theory of attack 
has recently been advanced [14], and Alexander has noted that 
sulfur penetration of high temperature superheater alloys does 
not take place in pure sulfate melts but at certain threshold con­
centrations of chloride in the range 0.1-1.0 percent. The same 
worker has also suggested that in the case of chromium, metal 
loss may be attributed to the formation and subsequent volatiliza­
tion of the chloride, as:
24KC1 +  10Cr2O3 -f  9 0 2 — 12K2Cr04 +  8CrCl3 
Solid Solid Gas Liquid Gas
The Trials
Objectives The main objectives of each of the four corrosion 
trials attempted were to assess:
1 The extent of corrosive attack on each of two separate G19 
superheater elements which were operated at temperatures of 
650 deg C (1202 deg F) and 850 deg C (1562 deg F), respectively. 
These values were chosen as representing the temperatures cor­
responding to peak corrosion in the trisulfate type of attack, and 
again the maximum temperature of operation of the superheater 
alloys.
2 The relative extent of corrosive attack on wall tubes of G19, 
Nimonic 90 and AISI type 347 alloys, which had been in use 
during the whole series of combustion and corrosion trials and 
which on occasion had been operated at temperatures of up to 
850 deg C (1562 deg F).
3 The nature and amount of deposits formed at the furnace 
wall (radiant surface), using a short term deposition probe whose 
surface temperature could be varied over the range 600-900 deg 
C (1112-1652 deg F); the amount and nature of deposits formed 
on a convective probe located across the gas stream at the end 
of the combustion chamber whose surface temperature could be 
varied over the range 500-900 deg C (932-1652 deg F); the 
nature of deposits formed on the wall tubes after each corrosion 
trial.
4 The changing character of coal mineral matter during its 
passage down the combustion chamber by sampling solids from 
the flame.
5 The result of testing an automatic SO3 analyzer in a pf 
flame [18].
Conduct. The coals used in the corrosion trials shown in Table 2 
were selected primarily on the basis of their similar combustion 
characteristics (for example, similar volatile matter and ash con­
tents) but differing sulfur and chlorine contents. They were 
thought to range from the innocuous (low S, low Cl) to the very 
aggressive. An attempt was also made at making the coal com­
bustion typical of conventional pf practice and constant for all 
trials.
A period of approximately 100 hours was selected as the opera­
tion time for each trial, thus affording a compromise between 
cost., the problem of staffing, and the time taken to obtain useful 
information.
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Table 2 Coals used in the trials
Trial Trial Trial Trial
Coal Constituent I II III IV
Proximate Analysis, 
percent
Moisture 2.62 1.51 4.22 2.79
Ash 16.03 11.81 14.58 18.55
Volatile 29.32 29.51 27.20 30.32
Fixed Carbon 52.03 57.17 54.00 48.34
Water Soluble Analysis, 
percent
N a,0 0.185 0.113 0.855 0.246
K ,0 0.041 0.051 0.084 0.061
CaO 0.348 0.084 0.740 0.348
MgO 0.082 0.081 0.157 0.102
Cl 0.100 0.130 1.210 0.270
Total Sulfur, percent 1.35 2.84 1.37 2.88
Ash: Flow temperature 
under oxidizing con­
ditions, ° c >1420 1420 1410 1410
Instruments. Emphasis was placed on the ability to define com-
bastion conditions existing in the furnace, and comprehensive 
measurements were made using water-cooled probes of local gas 
temperature (by venturi pneumatic pyrometer), gas velocity (by 
pitot static tube), and gas composition (CO2, CO, O2). Samples 
of partially burned solids were extracted from the flame using a 
specially designed solids sampling probe [19].
Experimental Results
Plant. The main objectives of the experimental program were 
realized: The rig offered a greater flexibility than a full scale
plant and more realistic conditions than bench scale experiments. 
An operational period of 100 hours was shown to be adequate for 
a comprehensive series of measurements and a measurable amount 
of metallic corrosion. Operating data from the trials are shown 
in Table 3:
of the coal appeared in the gas. It may be noted that Boll and 
Patel [20], in their classic studies of the chemical thermodynamics 
of boiler corrosion, assumed 40 percent appearance. Contrary to 
the results obtained for Na2 0 , it was found that the concentration 
of water soluble potassium (K20 )  increased or remained roughly 
constant going away from the burner, so that in Trial III the 
flame solids were enriched in water soluble K20  by an amount 
equal to approximately 33 percent of that of the original total 
potassium content of-the pf.
The percentages of water soluble silica and calcia plus magnesia 
in the flame solids were also found to increase down the chamber. 
It is suggested that these facts justify laboratory work which 
showed that water soluble glazes may be formed from insoluble 
potassium silicates by reactions involving sodium chloride and 
nonvolatile calcia, with the release of potassium, and provide an 
explanation for the observation that coals of low water soluble 
potassium content form deposits enriched in this constituent [21, 
22],
Deposition. The deposition results suggested that mere avoid­
ance of ash is not a guarantee of freedom from nongaseous corro­
sion when the more volatile constituents can deposit inde­
pendently. The individual trials provided no consistent picture of 
the relationship between temperature and the rate of deposition, 
but when the results from all trials were averaged a general re­
duction in the amounts of constituents depositing was apparent 
over the range 600-900 deg C (1112-1652 deg F), Fig. 2. In 
general, little chloride was deposited but in isolated cases possibly 
involving localized reducing conditions, as much as 30 jug/cm2h 
could be deposited at temperatures up to 900 deg C (1652 deg 
F), although this disappeared quickly with time. Formation 
of sulfates was similarly erratic. Very little SO3 appeared in the 
gas (an average of about 2.0 ppm), and the experimental results 
are consistent with the picture of sulfation of alkali oxides and 
hydroxides taking place at the tube surface (92 percent of the
Table 3 Operating data from the trials
Trial I Trial II Trial III Trial IV
Operating time, h 103 62 111 92
Coal feed, \b/h 1738 2332 1276 1210
Primary air temperature, °C(°F) 74(165) 70(158) 69(156) 68(154)
Secondary air temperature, °C(°F) 609(1128) 468(874) 392(737) 345(653)
C 02 at Superheater Exit, percent 17 16 16 17
Maximum flame temperature, °C(°F) 1370(2496) 1360(2480) 1350(2463) 1320(2408)
Gas temperature at Superheater
Exit, °C(°F) 1060(1940) 1050(1922) 980(1796) 900(1652)
Superheater wall tubes average 620(1148) 586(1087) 538(1000) 543(1009)
metal temp. 615(1139) 667(1233) 585(1085) 554(1029)
Thermocouples 1-8 down chamber, 648(1199) 678(1253) 612(1133) 582(1079)
°C(°F)° 665(1229) 682(1260) 617(1143) 589(1092)
695(1283) 730(1347) 653(1207) 660(1220)
726(1339) 717(1323) 642(1188) 618(1144)
734(1353) 720(1328) 669(1236) 640(1184)
767(1412) 700(1292) 663(1226) 626(1158)
a Metal temperatures of the two test elements are to be found in Fig. 3.
Instruments. In general, the combustion instruments behaved 
satisfactorily but were capable of improvement, and the need for 
a flow direction indicator and improved means of sampling were 
most evident. The sulfur trioxide monitor behaved satisfactorily 
provided that the filters were changed regularly. Tests showed 
that the SO3 concentrations measured were not significantly in 
error due to sulfation of alkaline ash constituents retained in the 
filters.
Flames. Analysis of the combustible matter content of the 
flame solids showed that typically 60 percent of the combustion 
was completed up to the 4th port level, and that at the end of the 
chamber (level 13) the extent of combustion was 90 percent. 
The depletion of sodium reflected this picture and at the end of 
the chamber between 15-35 percent of the total sodium (Na20)
total sulfur appeared in the gas) with local production of S 03 
by the oxidation of S 0 2 diffusing through the deposits. An in­
crease in sulfate concentration with time is supporting evidence.
W all Tube Deposition. The chemical analysis and X-ray analysis 
of the tube wall deposits were in good agreement. Water soluble 
content was roughly proportional to the corrosion experienced. 
The presence of alkali complex trisulfates was recorded in all 
trials, but was most marked when using the high chlorine (1.21 
percent) low sulfur (1.37 percent) coal from Trial III.
Table 4 compares the chemical and X-ray analysis of a typical 
wall deposit from this Trial with one from Trial II (high sulfur 
and low chlorine coal). Both were taken from a region, about 
one-third of the way down the chamber from the burner, where 
the tube temperatures were approximately 650 deg C (1202 deg 
F). .
4 Transactions of the ASM E
Deposition ;ig/cm2 h
Melting pts of 
materials that 
possibly occur 
in corrosion 
deposits
’ iK3F«(S04 )3 
-N a 2S04-NaCI 
(45-55% ) 
^Na3AI(S04)3
^NaFe(S04)2
KF«(S04)2
/ l 2(S04 )3
/N a 2S04-NaCI
(72-28% )
^CaCl2
nKCI
-NaCI
Wa2S04-K2S04
(75-25% )
u Na2C03
-N a2S04
Fig. 2 Relationship between temperature and deposition (40 minute exposure)
Table 4  Chemical and X-ray analysis of w a ll deposits from Trials II and III
\
Chemical Analysis
Insoluble
Trial percent Na20 K20 Si02 MgO CaO
V Trial II 91.96 0.28 0.40 0.83 0.54 1.44
Trial III 76.00 3.74 1.65 7.42 0.66 1.53
Fe20 3
0.60
0.41
A120 3 S 03 Cl
0.84 2.11 N.D.
5.13 2.31 N.D.
N.I). =  Not Detected 
X-ray Analysis
Constituent
Meta-
Trial
Hema­
tite
Fe20 3
Mullite
Al.-
silicate
a-
Quartz
Si02
An hy­
drate 
CaS04
Na3Fe-
(S04)3
K3Fe-
(S04)3
K3Cr- Mg2K2- 
(S04)3 (S04)3
thenar-
dite
Na2S 0 4 K2S 0 4
K Al-
(S04)2
Hydro-
philite
CaCl2 NaCI KC1 FeCl3
Trial
II s w w v.w v.w n.d n.d w n.d n.d n.d n.d n.d n.d n.d
Trial
III s m.w m.w m.w m.w (?) n.d m.w m.w n.d m.w n.d n.d n.d n.d
Diffractionl s - strong; m.w. =  medium weak; w =  weak; v.w. =  very weak; 
pattern > n.d. =  not detected;
intensity) (?) =  not identified but cannot be excluded.
Mechanism of Corrosion. From a single set. of trials no definite 
conclusions could be drawn, but the general conclusion must be 
that chlorides themselves are of minor importance in the corro­
sion mechanism. The importance of sulfur is obvious, although 
the percentage of total sulfur is not necessarily an indication of a 
coal’s corrosiveness. To be corrosive sulfur must exist in con­
junction with alkalis, and for British coals this means alkali 
chlorides. Alkali chlorides are decomposed in the flame, and 
sulfation of the resulting hydroxides or oxides takes place mainly 
at the tube surface.
While it is a moot point whether alkali complex trisulfates are 
the dominant species at reaction temperatures, they were identi­
fied in the deposits. Moreover, the Nelson-Cain theory is sup­
ported by the bell shaped curve of wastage obtained.
M etallurgy. In the investigations involving only the G19 alloy, 
it was found that, with the exception of the first trial where no 
corrosion was experienced, a typical bell shaped curve of metal 
loss occurred.
The maximum decrease in tube diameter (0.007 in) occurred 
with burning coal of the highest chlorine content (Trial III), and 
featured reduced wastage from coals of decreasing chlorine con­
tent, Fig. 3. The temperature of maximum attack was also de­
pendent on coal composition and increased with increasing 
chlorine content. For all the trials except the first, wastage at 
850 deg C (1382 deg F) was similar to that at 550 deg C (1022 
deg F). Severe pitting up to 0.016 in., which occurred in very 
localized areas, was possibly connected with flame impingement.
Particularly noteworthy was the amount of steam side corro­
sion experienced in the trials. “Good” steam, by conventional 
standards for a 900 deg F, 900 psi plant, was used throughout the 
trials, but intergranular penetration occurred in Trial III to a 
depth of 0.003 in.
Sulfur penetration of the tube metals, which occurred on the 
gas side only during the third and fourth trials (coals of the highest 
chlorine content), is supporting evidence for the hypothesis that 
a critical concentration of chloride is required before sulfur pene­
tration can result [17].
When the tubes which had been in position for the whole series 
of trials were examined, the most important observation was that 
Nimonic 90 had the best resistance to attack, followed by G19 
and then AISI 347. Unfortunately, precise figures for metal loss 
could not be produced in the absence of pretest measurements of
Journal of Engineering for Power
Fig.
G19
First corrosion trial t ---------
Second corrosion trial 
Third corrosion trial x -  —  
Fourth corrosion trial A--
8
4
O  • =  
5 5 0 6 5 0 7 5 0 8 5 0
Average temperature of operation, °C
3 Relationship between temperature of operation and extent of external wastage: 
test probes
the tube diameter. Sulfur penetration was observed in some 
tubes and severe pitting occurred in localized regions and was 
probably associated with flame impingement, as was the case 
with the test probes.
Fabrication and Plant Layout. Although a considerable amount of 
development work was required to establish welding techniques, 
no insuperable problems were met in the fabrication of the super­
heater components.
Considerable trouble was experienced, however, by flame im­
pingement, with the layout adopted. This was aggravated by 
two effects. Firstly, the circular cross section adopted for sym­
metry of heat transfer was basically unsatisfactory from an aero­
dynamic point of view, being an inherently unstable system. A 
square cross section would have been preferable as recirculation 
would then have taken place in the corners [23], stabilizing the 
flame, although a lower mean rate of heat transfer would then 
result. In addition, with the down shot firing arrangement em­
ployed, the flame was seen to curl upwards and outwards due to 
buoyancy forces.
Conclusions
A series of corrosion trials has been carried out in a coal-fired 
plant designed to heat steam to 760 deg C (1400 deg F). These 
experiments were originally planned to support the Field Cycle 
project by demonstrating the feasibility of a direct-fired super­
heater. However, the results are of general value in pointing 
the way to higher temperatures and higher ratings in more con­
ventional steam plant design.
i No insuperable fabrication problems were encountered 
and it is thus possible to employ alloys suitable for high tempera­
ture operation on the engineering scale.
ii The design performance of the plant was largely achieved 
and the quantitative methods used for predicting temperature 
distribution within a pf combustion chamber appeared promising.
iii The rates of attack suffered on the gas side by all three 
alloys tested when operating in the temperature range 600-650 
deg C (1112-1202 deg F) would be unacceptable in a commercial 
plant, except when burning innocuous coals, i.e., coals containing 
below about 1.5 percent S and 0.2 percent Cl. However:
iv A bell shaped curve of corrosion versus temperature was 
convincingly demonstrated by use of the G19 alloy test probes, 
and metal loss at 850 deg C (1382 deg F) was the same as that at 
550 deg C (1022 deg F), the latter temperature being commonly 
employed. The inference is that given good combustion condi­
tions, corrosion at 850 deg C (1382 deg F) may also be tolerable. 
This fact represents a considerable challenge to the plant designer 
as a method of overcoming the critical range; but it requires in­
genuity of layout. For instance, in a high temperature plant it 
might be possible to keep metal temperatures either above or be­
low the critical range by a combination of counter and parallel 
coolant flow as the gas continuously cools. Alternatively, sec­
tions of the superheater exposed to the critical range could be 
constructed on the “throw away” principle, using readily replace­
able units.
In addition to general wastage, very localized pitting occurred 
which was probably associated with poor aerodynamics of the 
experimental chamber and consequent flame impingement.
v  Aerodynamics is of overwhelming importance in the de­
velopment of any advanced, highly rated plant. Rectangular 
units are preferred to circular ones for reasons of flame stability, 
but would in any case be adopted for engineering convenience. 
Axisymmetrical firing lends itself to more precise analysis for a 
highly rated plant, but experience with the downshot configura­
tion adopted for the experiment was not very satisfactory, due to 
buoyancy effects and flame instability. Upward firing or hori­
zontal firing is to be preferred for further development, the latter 
being more practicable. Each would lend itself to a high output, 
axial flow, multicell design.
vi It has been demonstrated that mere avoidance of ash, as 
in a radiant chamber with the tubes in the boundary layer of 
flowing gas, is no guarantee of freedom from nongaseous corro­
sion, as the more volatile (and corrosive) constituents can deposit 
independently. Even so, the results show that at the higher 
temperature (800-900 deg C or 1472-1652 deg F) a marked re­
duction occurred in the amounts of volatile depositing.
vii The rate of attack suffered on the steam side by tubes of 
all three alloys would be unacceptable for raising steam at 760 
deg C (1400 deg F). This requires further investigation, par­
ticularly with regard to steam purity.
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Combustion Experiments Using a Pulverized-coal-fired 
Superheater
B y  G .  H O R N ,  B .S c .T e c h . ,  P h . D . ,  M . I n s t . F . , *  J . C S A B A ,  D ip l .P h y s . ,  P h . D . ,  A . M . I n s t . F . , 1  a n d
P .  J . S T R E E T ,  A . M . I n s t . F . ,  A . F . I n s t . P e t . f
A superheater, fired by pulverized coal, was built at Littlebrook Generating Station to investigate the 
feasibility of producing steam at 760°C. This formed part of a programme of research into high-temperature 
power plant design based on the Field Cycle. As a basis for the experimental work a theory was developed 
which attempts to predict mathematically the rate of combustion and the temperature distribution along 
a pulverized-fuel flame ; and an account is given of this theory together with the results of four combustion 
trials. Discrepancies between predicted and measured quantities can be partially attributed to imperfections 
in measuring techniques, but it is evident, too, that the theory is capable of refinement and suggestions 
are made for future work to improve the input data for the computer programme and make the theoretical 
assumptions more realistic. The combustion trials included a high-temperature run when, for a short 
period, maximum steam temperatures of 810°C were achieved.
1 . N O M E N C L A T U R E
A g w  Effective emissivity of combustion .gas
Apw  Effective emissivity of hot particles
Co 2 (tf) Oxygen concentration at time t} kg/m 3
C0* Fixed carbon of original pulverized coal kg/kg coal
Df (tj) Flame diameter at time t} m
D 0 2  {tj) Diffusion coefficient of oxygen at time tj m2/sec
E  Overall activation energy of the carbon-
oxygen reaction kcal/kmol
Ps  System pressure ata
R Universal gas constant kcal/kmol°C
Re {df) Reynolds number for particle of
diameter dt
S0 Specific projected surface area m2/kg
Tv (tf) Temperature of particle at time t} °K
Tg {tj) Temperature of combustion gas at
time tj °K
Vg {tj) Volume of combustion gas at time Nm3/kg coal
Vg* (tj) Volume of recirculated gas at time ts Nm3/kg coal
Vco2 {tj) Volume of carbon dioxide at time tj Nm3/kg coal
Vco2* Volume of carbon dioxide recirculated Nm3/kg coal
Fh 2o {tj) Volume of water vapour at time t} Nm2/kg coal
V0 2 {tj) Volume of oxygen at time tj Nm3/kg coal
Eh 2 (tj) Volume of hydrogen at time t} Nm3/kg coal
a0 Ash content of original pulverized coal kg /kg coal
dj Particle diameter m
f c o 2 Fraction of carbon dioxide in wet
combustion gas 
/h 2o Fraction of water vapour in wet
combustion gas 
f o 2 Fraction of oxygen in wet combustion
gas
&ch (tj) Chemical reaction rate coefficient at
time tj m/sec
k0 Pre-exponential (frequency) factor in
Arrhenius expression m/sec
kj (djj)  Overall reaction rate coefficient for
particle of diameter d{ at time tj m/sec
m c* (idjj) Amount of fixed carbon remaining in
single particle of diameter dj at time tj kg/kg coal
* Head, Engineering Division, Berkeley Nuclear Laboratories,
Research and Development Department, Central Electricity 
Generating Board, 
t  Marchwood Engineering Laboratories, C.E.G.B.
kg/kg coal 
m/sec
kg oxygen/ 
kg coal
mc* (djt0) Amount of fixed carbon originally
present in single particle of diameter dj
a Attenuating exponent
jS (tj) Physical control constant at time tj
I (tj) Net emissivity of particle-gas system at
time tj
rj* (tj) Efficiency of fixed carbon combustion 
at time tf - 
r]v (tf) Efficiency of volatile combustion
(evolution) at time tj 
£ Stoichiometric factor
x Shape factor
& Decrepitation factor
2 . I N T R O D U C T I O N
A  S p a r t  o f  a  p r o g ra m m e  o f  re s e a rc h  in to  h ig h - te m p e ra ­
tu re  p o w e r  p la n t  d e s ig n , a n  e x p e r im e n ta l s u p e rh e a te r  
w a s  b u i l t  b y  th e  M a r c h w o o d  E n g in e e r in g  L a b o ra to r ie s  
o f  th e  C e n tr a l E le c t r ic ity  G e n e r a t in g  B o a r d  a t  L i t t le b r o o k  
P o w e r  S ta t io n . T h e  s u p e rh e a te r  w as  o r ig in a l ly  d e s ig n ed  
to  in v e s tig a te  th e  fe a s ib il i ty  o f  p ro d u c in g  s te a m  a t  7 6 0 ° C  in  
c o n ju n c t io n  w it h  th e  F ie ld  C y c le  S tu d ie s , b u t  i t  w a s  s o o n  
re v e a le d  as a  te s t fa c i l i t y  o f  s o m e f le x ib i l i ty  p e r m it t in g  
q u a n t ita t iv e  s tu d ies  to  b e  m a d e  o f  fu n d a m e n ta l c o m b u s ­
t io n  processes. T h e  te s t resu lts  w e re  c o n s id e re d  a p p lic ­
a b le  n o t  o n ly  to  th e  d e s ig n  o f  d ire c t ly  f ir e d  s u p e rh e a te rs  
fo r  to p p in g  processes, b u t  a ls o  to  a d v a n c e d  desig ns o f  
p u lv e r iz e d -fu e l- f ir e d  b o ile rs  o r  w h e re v e r  a  g re a te r  k n o w ­
led g e  o f  h e a t f lu x  d is t r ib u t io n  w a s  re q u ire d  to  im p r o v e  
r e l ia b i l i ty  a n d  to  m a k e  m a x im u m  use o f  s iz e :o u tp u t  
r a t io .
A s  a  c o ro lla r y  to  th e  w o r k ,  a  th e o r y  p r e d ic t in g  th e  ra te  
o f  c o m b u s t io n  a n d  h e a t t ra n s fe r  a lo n g  a  p u lv e r iz e d -fu e l  
f la m e  w as  e v o lv e d  a n d  th e  p re s e n t p a p e r  seeks to  g iv e  a n  
o u t lin e  o f  th is  th e o r y  a n d  to  c o m p a re  th e o r e t ic a lly  
p re d ic te d  v a lu e s  w it h  m e a s u re m e n ts  m a d e  in  th e  s u p e r- 
.h e a te r . F o u r  c o m b u s t io n  tr ia ls  w e re  c o m p le te d  a n d  
em p h a s is  w a s  p la c e d  o n  d e fin in g  th e  c o a l s ize  d is t r ib u t io n
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F ig . 1 .— Diagram m atic arrangement o f  L ittlebrook high-temperature superheater.
in  e a c h . T h e  c o n d u c t o f  th e  tr ia ls  a n d  o f  th e  e x p e r im e n ta l  
fa c ilit ie s  a v a ila b le  a re  d iscussed in  so m e d e ta il  a n d  a  b r ie f  
d e s c r ip t io n  is g iv e n  o f  th e  p la n t .  F in a l ly ,  to p ic s  fo r  fu tu r e  
re s e a rc h  a re  m e n t io n e d .
3 . D E S C R IP T IO N  O F  T H E  R IG
T h e  p r in c ip a l  c o m p o n e n t o f  th e  r ig  w a s  a  c y lin d r ic a l  
c o m b u s t io n  c h a m b e r , w h e re  h e a t  w as  tra n s fe r re d  m a in ly  
b y  r a d ia t io n  to  s te a m -c o o le d  w a lls . T h e  re s t o f  th e  p la n t  
c o u ld  b e  c o n s id e re d  s im p ly  as a n  a u x il ia ry ,  th e  p u rp o s e  o f  
w h ic h  w a s  to  s u p p ly  s te a m , a ir  a n d  fu e l to  th e  c o m b u s t io n  
c h a m b e r  a n d  r e m o v e  th e  p ro d u c ts . A  fu l le r  d e s c r ip t io n  
o f  th e  p la n t  h a s  b e e n  g iv e n  e ls e w h e re  1 b u t  i t  is c o n v e n ie n t  
h e re  to  d r a w  a t te n t io n  to  so m e o f  th e  m o r e  im p o r ta n t  
fe a tu re s  (see F ig .  1 ).
3 .1 . Com bustion C ham ber
T h e  c o m b u s t io n  c h a m b e r  co n s is te d  o f  a  v e r t ic a l  
c y lin d e r  l in e d  w it h  151 c lo s e ly  sp aced  tu b e s , I f  in  o u ts id e  
d ia m e te r  b y  1 0  s .w .g . o n  a  6  f t  d ia m e te r  p i tc h  c irc le , th e  
e x p o s e d  le n g th  b e in g  3 4  f t  2  in .  T h e  c h a m b e r , w h ic h  w as  
f ir e d  b y  a  p u lv e r iz e d -fu e l f la m e  v e r t ic a lly  d o w n w a rd s , h a d  
th e  d e s ig n  c h a ra c te ris tic s  s h o w n  in  T a b le  1.
T h r e e  tu b e  m a te r ia ls  w e re  u s ed  so th a t  th e ir  o p e ra ­
t io n a l  p e r fo r m a n c e  c o u ld  b e  d ire c t ly  c o m p a re d . T h e ir  
c h o ic e  w a s  m a in ly  b a s e d  o n  th e  m e ta ls  h a v in g  th e  
re q u is ite  c re e p  s tre n g th  a t  m a x im u m  w o r k in g  te m p e ra ­
tu r e  a n d  th e  tu b e s  se lected  w e re  6  N im o n ic  9 0  a llo y ,  
2 2  J e s s o p -S a v ille  G 1 9 ,  123 A I S I  ty p e  3 4 7 . T h e s e  w e re
T a ble  1.— D e s ig n  C h a r a c te r is t ic s  of t h e  
L it tle b r o o k  Su p e r h e a te r
Steam flo w . . .
Steam pressure .
Steam temperature 
Coal firing rate .
Steam-side heating surface 
Fire-side heating surface 
Tube metal temperature
Approx. 100 000 lb/h
(45 400 kg/h)
200 lb/in2 at inlet (14* 1 ata) 
760°C maximum 
1 ton/h maximum (approx.
1 000 kg/h)
1 522 ft2 (141-5 m2)
1 856 ft2 (172-5 m2)
850°C maximum
c o n n e c te d  a t  e a c h  e n d  b y  a  h e a d e r  o f  to r o id a l  fo r m , th e  
in le t  b e in g  c o n s tru c te d  o f  L p e r  c e n t C r - 0 - 5  p e r  c e n t M o  
a llo y , th e  o u t le t  o f  G 1 9 .  F o u r  tu b es , a r ra n g e d  a t  9 0 °  
in te rv a ls  a r o u n d  th e  c irc u m fe re n c e , w e re  f i t te d  w ith  
th e rm o c o u p le s  e q u is p a c e d  a t  e ig h t p o in ts  a lo n g  th e  tu b e  
to  m e a s u re  s te a m  a n d  “  f r o n t  ”  ( f la m e  s id e ) m e ta l  
te m p e ra tu re s , a n d  in  a d d it io n , a t  tw o  lev e ls , c o u p les  
w e re  s u p p lie d  to  m e a s u re  “  b a c k  ”  m e ta l te m p e ra tu re s .
A s  s h o w n  in  F ig . 2 , 14  access p o rts  w e re  a ls o  p r o v id e d  
o n  e ith e r  s id e  o f  th e  s u p e rh e a te r, sp aced  a t  e q u a l in te rv a ls  
a lo n g  th e  c h a m b e r , to  p e r m it  in s e r t io n  o f  w a te r -c o o le d  
p ro b e s  a n d  to  a l lo w  m e a s u re m e n ts  o f  f la m e  c h a ra c te r ­
istics to  b e  m a d e . T h is  p o in t  is r e fe r re d  to  a g a in  in  
S e c tio n  3 .5 .
3 .2 . C o a l P rep ara tio n  P la n t : P r im a ry -a ir  Supply
A  d r y  p u lv e r iz e d  p r o d u c t  w as  o b ta in e d  u s in g  a n  L M 6  
L o p u lc o  m i l l  s u p p lie d  w it h  s u ita b ly  a t te m p e ra te d  d r y in g  
a ir  s u p p lie d  f r o m  th e  m i l l  a ir -h e a te r . T h e  p u lv e r iz e d  c o a l
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w a s  e x tra c te d  f r o m  th e  m i l l  b y  a n  e x h a u s te r  fa n  w h ic h  
d e liv e re d  th e  c o a l-a ir  m ix tu r e  to  a  c y c lo n e  a b o v e  th e  r ig  
w h e re  th e  c o a l w a s  s e p a ra te d  a n d  g r a v ita te d  th r o u g h  a  
r o ta r y  f la m e  t r a p  in to  th e  p r im a r y -a i r  s tre a m . T h e  
p r im a r y -a i r  s u p p ly , w h ic h  c o n s t itu te d  s o m e  2 5  p e r  c e n t  
o f  th e  to t a l  a ir  f o r  c o m b u s t io n , w a s  d e r iv e d  b y  r e tu rn in g  
a p p r o x im a te ly  o n e - th ir d  o f  th e  c a r r y -o v e r  a ir  f r o m  th e  
c y c lo n e ; th e  o th e r  tw o -th ir d s  o f  th e  c a r r y -o v e r  a ir  b e in g  
v e n te d  in to  th e  s ta t io n  c h im n e y  m a n ifo ld .  T e s ts  s h o w e d  
th a t  u n d e r  th e  c o n d it io n s  o f  o p e r a t io n , c a r r y -o v e r  o f  
p u lv e r iz e d  fu e l f r o m  th e  c y c lo n e  w a s  n e g lig ib le . E n t r a in -  
m e n t  o f  p u lv e r iz e d  fu e l w i t h  p r im a r y  a ir  w as  e ffe c te d  in  
a  v e n tu r i-m ix e r ,  d e v e lo p e d  o n  s ite , th e  m ix tu re  o f  c o a l  
a n d  a ir  b e in g  d e liv e re d  to  a  s in g le  B a b c o c k  a n d  W ilc o x  
s lo t-ty p e  b u rn e r .  A s  s h o w n  in  F ig . 2 , th e  t ip  o f  th e  b u rn e r  
w a s  a r ra n g e d  a t  th e  th r o a t  o f  a  v e n tu r i-s h a p e d  s lo t in  th e  
r e f r a c to r y  q u a r l  w h ic h  fo rm e d  th e  r o o f  o f  th e  c o m b u s t io n  
c h a m b e r .
S u c h  a n  a r ra n g e m e n t s im u la te d  a  d ire c t-f ire d  system  
b u t  p e rm it te d  in d e p e n d e n t v a r ia t io n  o f  a ir  f lo w  th ro u g h  
th e  m i l l .  T h e  la t te r  w a s  o n e  fa c to r  g o v e rn in g  th e  s ize  
d is tr ib u t io n  o f  th e  p u lv e r iz e d  c o a l ; th e  o th e r  c o n tr o l w as  
e ffe c te d  b y  v a ry in g  th e  speed o f  a  tw o -s ta g e  w h iz z e r  
c la s s ifie r s itu a te d  a t  th e  o u t le t  o f  th e  m i l l .
3 .3 . Secondary-a ir H e a te r
I n  a d d it io n  to  th e  m i l l  a ir -h e a te r , a  se co n d  h e a te r  
s u p p lie d  p re h e a te d  s e c o n d a ry  a ir  to  th e  c o m b u s t io n  
c h a m b e r . T h e  s e c o n d a ry -a ir  h e a te r  w a s  a r ra n g e d  so th a t  
o n e -h a lf  w a s  p la c e d  in  p a ra lle l  w i t h  a  v a r ia b le  b y -p a ss  
a llo w in g  a  v a r ia t io n  in  s e c o n d a ry -a ir  te m p e ra tu re . I n  
th is  w a y  th e  s e c o n d a ry -a ir  te m p e ra tu re  c o u ld  b e  v a r ie d  
f r o m  a p p r o x im a te ly  3 0 0 °  to  6 0 0 °C . T h e  s e c o n d a ry -a ir  
s u p p ly  w as  a d m it te d  to  th e  c h a m b e r  r o u n d  th e  m o u th  o f  
th e  b u rn e r . .
3 .4 . S team  C irc u it
T h e  s te a m  s u p p ly  fo r  th e  r ig  w as  ta k e n  f r o m  th e  
L i t t le b r o o k  “  C  ”  m a in  s te a m  ra n g e  a t  9 0 0  l b / i n 2, 4 8 2 ° C ,  
a n d  lo w e re d  in  p res su re  b y  a n  a u to m a t ic  re d u c in g  v a lv e  
to  a p p r o x im a te ly  2 0 0  lb  / i n 2 in  th e  m a in  s te a m  m a n ifo ld  
f o r  th e  r ig . T h e  re s u ltin g  s te a m  te m p e ra tu re  in  th e  
m a n ifo ld  w as  4 5 0 ° C  a n d  f o r  w o r k in g  a t  lo w e r  te m p e ra ­
tu re s , p ro v is io n  w a s  m a d e  fo r  in je c t in g  w a te r  f r o m  th e  
fe e d  ra n g e  a t  1 4 0 0  lb  / i n 2, 1 9 6 °C , fe d  th ro u g h  s ix  d e ­
s u p e rh e a tin g  n o zz le s  in  th e  m a n ifo ld . F o r  h ig h e r  
te m p e ra tu re  w o r k in g , p ro v is io n  w as  a ls o  m a d e  to  pass  
th e  s te a m  th ro u g h  a n  o i l- f ir e d  p re h e a t in g  c h a m b e r  
lo c a te d  im m e d ia te ly  b e fo re  th e  m a in  c o m b u s t io n  
c h a m b e r .
A lo n g  th e  w a l l  o f  th e  c o m b u s t io n  c h a m b e r , s team  
f lo w e d  w it h in  th e  tu b e s  p a ra lle l  to  th e  f la m e  ax is  ( in  th is  
w a y  i t  w as  h o p e d  to  m in im iz e  “  h o t  spots  ” )  a n d  w as  th e n  
c o lle c te d  in  th e  o u t le t  h e a d e r  b e fo re  b e in g  d e s u p e rh e a te d , 
c o n d e n s e d  a n d  r e tu rn e d  to  th e  p o w e r  s ta tio n .
3 .5 . Instrum ent Services
T h e  s u p e rh e a te r  r ig  w as  o r ig in a lly  d e s ig n ed  to  in v e s t i­
g a te  th e  fe a s ib ility  o f  p ro d u c in g  s te a m  a t  7 6 0 ° C  b u t  w h e n  
its  p o te n t ia l  as a  te s t fa c i l i t y  w as  fu l ly  re c o g n iz e d , steps  
w e re  ta k e n  to  p ro v id e  in s tru m e n ts , w h ic h  w e re  in  a d d it io n  
to  th o s e  r e q u ire d  fo r  its  sa fe  a n d  e ffic ie n t o p e ra t io n . T w o  
s te a m  tu b e s  w e re  re m o v e d  f r o m  b o th  th e  east a n d  w e s t 
w a lls  o f  th e  c h a m b e r  w it h  th e  in te n t io n  o f  p r o v id in g  14  
access p o in ts  fo r  p ro b e s  o n  e a ch  s id e . T h e s e  w e re
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s itu a te d  a t  2  f t  in  ce n tres  (see F ig .  2 ) .  U n f o r tu n a te ly ,  
d u e  to  th e  c o n s tru c tio n  o f  th e  r ig  a n d  sp ace l im ita t io n s ,  
a b o u t  2 5  p e r  c e n t o f  th e  p o r t  h o le s  d id  n o t  a l lo w  a n y  
c o m b u s t io n  in s tru m e n t to  b e  u s ed , a n d  a b o u t  5 0  p e r  c e n t  
w e re  u n a v a ila b le  fo r  lo n g  p ro b e s . H o w e v e r ,  th e  m o s t  
in te re s t in g  p a r t  o f  th e  f la m e  w a s  a b o v e  p o r t  le v e l 7  a n d  
w it h in  th is  d is ta n c e  o n ly  o n e  le v e l w a s  in a cce ss ib le .
T h e  o u te r  ca s in g  o f  e a c h  p o r t  w a s  e x p a n d e d  in to  a  
s q u a re  fla n g e  o n  w h ic h  th e  p ro b e  sh ie ld s  m a te d  a n d  
w e re  secured  b y  studs a n d  w in g -n u ts . T h is  a r ra n g e m e n t  
l im ite d  a ir  in le a k a g e  a n d  p ro v id e d  p r o b e  s u p p o r t , b u t  
s t il l  p e rm it te d  p ro b e s  to  b e  m o v e d  in to  a n d  o u t  o f  th e  
c h a m b e r . N o r m a l ly ,  p ro b e  trave rs es  w e re  c o n d u c te d  o n  
a  9 -  o r  1 2 -p o in t  system . P o s itio n s  I  a n d  I X  o r  X I I  w e re  
lo c a te d  a t  th e  east a n d  w e s t w a lls  re s p e c tiv e ly  w h ils t  th e  
in te rm e d ia te  p o in ts  w e re  p o s it io n e d  e ith e r  a t  8 ^ -  o r  6 ^ - in  
c e n tres . E x p e rie n c e  s h o w e d  th a t  th ese  d is tan ces  w e re  a n  
e ffe c tiv e  c o m p ro m is e  b e tw e e n  t im e  r e q u ire d  f o r  t r a ­
v e rs in g  a n d  a c c u ra c y  o f  p lo t t in g  f la m e  c o n d it io n s  acro ss  
th e  c h a m b e r .
L o c a l  to  e a c h  p o r th o le  th e  fo l lo w in g  services w e re  
p ro v id e d  fo r  th e  c o m b u s t io n  in s tr u m e n ts : w a te r  s u p p ly  
o f  c o n d e n s a te  p u r i t y ;  d ra in s  l in e ;  s u c tio n  l in e ;  c o m ­
p ressed  a ir ,  c le a n  a n d  d r y  a t  6 0  lb  / i n 2 ; p o w e r  su p p lies  o f  
1 1 0  a n d  2 4 0  V .  A t  c o n v e n ie n t p o in ts , r e c o rd e r  so cke ts
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w e re  a ls o  p r o v id e d  f o r  th e  p i to t ,  tw in -b e a m  p y ro m e te r  
a n d  s u c tio n  p y ro m e te r .
F o r  c o m m u n ic a t io n s  b e tw e e n  p ro b e  a n d  r ig  o p e ra to rs , 
a  te le p h o n e  sy s tem  w as  u s ed , ea ch  o p e r a to r  w e a r in g  
h e a d s e t, b o o m  m ic ro p h o n e  a n d  c a rr y in g  a  b a t te ry -  
o p e ra te d  a m p li f ie r ,  w h ic h  c o u ld  b e  p lu g g e d  in to  c o n ­
v e n ie n t so cke ts  lo c a te d  a b o u t  th e  p la n t .
4 . C O M B U S T IO N  IN S T R U M E N T S
D u r in g  th e  s u p e rh e a te r  t r ia ls  e x p e rie n c e  w as  g a in e d  in  
th e  use o f  th e  s u c tio n  p y ro m e te r , o p t ic a l p y ro m e te r ,  
v e n tu r i p n e u m a t ic  p y ro m e te r , tw in -b e a m  p y ro m e te r ,  
p i to t  a n d  th e  s o lid -  a n d  g a s -s a m p lin g  p ro b e .
4 .1 . Suction P yrom ete r
T h is  w as  a  c o n v e n t io n a l in s tru m e n t w i t h  a n  o u ts id e  
d ia m e te r  o f  l \  in .  R e fr a c to r y  sh ields o f  b o th  th e  s tra ig h t-  
th ro u g h  a n d  s id e -e n try  p a tte rn s  w e re  u s e d . I t  w a s  fo u n d  
th a t  th e  p y ro m e te r  b e c a m e  r a p id ly  b lo c k e d  in  u s e ; in  
so m e  cases in  as l i t t le  as 3 0  sec. T h is  w as  e s p e c ia lly  so in  
th e  e a r ly  p a r t  o f  th e  f la m e . O c c a s io n a lly , re a d in g s  w e re  
o b ta in e d  b u t  th e ir  w o r th  w as  re n d e re d  suspect b y  th e  
l ib e r a l c o a tin g s  o f  as h  o r  e v en  o f  b u rn in g  c o a l w h ic h  
fo rm e d  o n  th e  th e rm o c o u p le  s h e a th . F o r  th is  re a s o n  i t  
w as  d e c id e d  n o t  to  use th e  in s tru m e n t d u r in g  th e  c o m ­
b u s tio n  tr ia ls .
4 .2 . O p tic a l P yrom eter
I n  th e  ab sen ce  o f  d a ta  c o n c e rn in g  th e  e m is s iv ity  o f  th e  
f la m e , th e  use o f  th e  o p t ic a l p y ro m e te r  w as  l im ite d  a n d  
g e n e ra lly  c o n fin e d  o n ly  to  p la n t  c o n tr o l p u rp o s e s .
4 .3 . V e n tu ri P neum atic  P yro m ete r
O r ig in a l ly  d e v e lo p e d  a t  th e  B . C . U . R . A . , 2 th e  in s tr u ­
m e n t  w as  o p e ra te d , b y  tw o  B .C .U . R . A .  p e rs o n n e l, fo r  
th e  w h o le  series o f  c o m b u s t io n  tr ia ls . T h e  o p e r a t io n  w as  
re la t iv e ly  fre e  f r o m  d ff ic u lty . S o m e  p r o b e  b lo c k a g e  w as  
e x p e r ie n c e d  a t  th e  b u rn e r  o u t le t  w h e re  c o a l w a s  u n b u r n t  
a n d  a g a in  in  re g io n s  o f  m a x im u m  fla m e  te m p e ra tu re  
w h e re  th e  as h  w a s  s tic k y . T h e  m e th o d  o f  c le a n in g  th e  
p ro b e  in v o lv e d  th e  r e m o v a l o f  th e  res is tan ce  th e r m o ­
m e te r  a n d  th e  use o f  a  h ig h -p re s s u re  a ir  je t ,  o r  in  severe  
cases ro d d in g  th ro u g h  w it h  w ir e  w o o l.  S o m e  o v e rh e a tin g  
o f  th e  p r o b e  w as  a ls o  e x p e rie n c e d  in  re g io n s  o f  th e  
h ig h e s t f la m e  te m p e ra tu re  ( >  1 4 5 0 ° C ) .
4 .4 . T w in -B ea m  P yro m e te r (S chm idt P yrom ete r)
A  s ta n d a rd  tw in -b e a m  p y ro m e te r  fo r m e d  th e  re c e iv in g  
e n d  o f  th e  in s tru m e n t , th e  o u tp u t  f r o m  th e  th e rm o c o u p le s  
b e in g  re c o rd e d  a t  th e  c e n tra l in s tr u m e n t p a n e l. T h e  d a ta  
so o b ta in e d  fo rm e d  th e  r a w  m a te r ia l  f o r  e m is s iv ity  a n d  
r a d ia t io n  te m p e ra tu r e  c a lc u la tio n s . T h e  p y ro m e te r  w as  
us ed  as a  p o r ta b le  in s tru m e n t , th e  re c e iv in g  e n d  b e in g  
b o lte d  to  a  p o r t  fla n g e  a n d  its  w a te r  ja c k e t  b e in g  c o n ­
n e c te d  t o  th e  p r o b e -c o o lin g  w a te r  c irc u it .
T h e  m a in  d iff ic u lt ie s  in  o p e r a t io n  d e v o lv e d  u p o n  th e  
h o t /c o ld  ta rg e t  a n d  a t  L i t t le b r o o k ,  th e  e m is s iv ity  
m e a s u re m e n ts  m a d e  w e re  n o t  c o n s id e re d  to  b e  w h o lly  
re l ia b le .  T h e  ta rg e t  a s s e m b ly  w as  m a d e  p o r ta b le .  I t  
c o m p ris e d  a  s q u a re  s h ie ld , w h ic h  in  use w as  b o lte d  to  th e  
p o r t -h o le  fla n g e  in  th e  n o r m a l w a y , a n d  a n  L -s h a p e d  
r e f r a c to r y  c a s tin g  w h ic h  fo rm e d  th e  h o t - ta r g e t  its e lf. 
A  th e r m o c o u p le  e m b e d d e d  in  th e  r e f r a c to r y  c a s tin g  
e n a b le d  th e  h o t- fa c e  te m p e ra tu re  to  b e  d e te rm in e d . T h e  
c o ld - ta r g e t  w as  a  h o le  c u t in  th e  s h ie ld . I n  use th e  c o ld  
th e r m o p ile  w a s  s ig h te d  th ro u g h  th e  f la m e  a n d  o n  to  a n
im a g e  o f  th e  fu r th e r  s id e  o f  th e  c h a m b e r  seen th ro u g h  th e  
c o ld - ta rg e t  h o le , w h ils t  th e  c a r r ie r  b o d y  d im e n s io n s  w e re  
su ch  as to  a lig n  a u to m a t ic a lly  th e  h o t  th e r m o p ile  o n  t o  
th e  h o t- ta r g e t .  T o  assist s ig h tin g , a  p h o to f lo o d  b u lb  w as  
s u b s titu te d  f o r  th e  c o ld - ta r g e t  im a g e . T h is  w as  re m o v e d  
w h e n  a  r e a d in g  w as  m a d e . I n  th e  m o r e  o p a q u e  p a rts  o f  
th e  f la m e , h o w e v e r , th is  so u rce  o f  i l lu m in a t io n  w as  fo u n d  
to  b e  in a d e q u a te  a n d  a  1 0 0 0 -w a t t  p r o je c to r  b u lb  w a s  
used  in s te a d .
A n o th e r  d if f ic u lty  e x p e rie n c e d  w ith  th e  in s tru m e n t  
c o n c e rn e d  th e  lo w  h o t - ta r g e t  te m p e ra tu re s  a t  th e  e n d  o f  
th e  c h a m b e r . T h e  m in im u m  h o t - ta r g e t  te m p e ra tu re  
w h ic h  c o u ld  b e  a c c o m m o d a te d  b y  th e  in s tru m e n t w a s  
a p p r o x im a te ly  8 0 0 °C , a n d  th is  te m p e ra tu re  w a s  s e ld o m  
e x p e rie n c e d . A  p a r t ia l  s o lu t io n  to  th e  p r o b le m  w as  fo u n d  
b y  m a k in g  a  h o t - ta r g e t  as sem b ly , w i t h  p la t in u m  h e a t in g  
e le m e n ts  e m b e d d e d  in  th e  re fr a c to r y , w h o s e  te m p e ra tu r e  
c o u ld  b e  c o n tro l le d  u s in g  a  V a r ia c  t r a n s fo rm e r . W i t h  th is  
d e v ic e  th e  ta rg e t te m p e ra tu re  c o u ld  b e  ra is e d  to  a t  le a s t  
1 0 0 0 ° C , a lth o u g h  th is  im p o s e d  a  fu r th e r  d if f ic u lty  in  t h a t  
th e  e m is s iv ity  o f  th e  r e fr a c to r y  c o u ld  n o t  th e n  b e  a s s u m e d  
to  b e  e q u a l to  1 • 0  a n d  in  fa c t  v a r ie d  n o t  o n ly  o n  a c c o u n t  
o f  v a r ia t io n s  in  th e  p o re  size o f  th e  r e fr a c to r y  b u t  a ls o  
becau se th e  s u rfa c e  b e c a m e  c o v e re d  w ith  ash  d u r in g  u s e . 
T h e  f in a l s tage in  d e v e lo p m e n t c o n c e rn e d  th e  c o n s tru c ­
t io n  o f  a  p o r ta b le  b la c k -b o d y  fu rn a c e  s im ila r  in  c o n c e p ­
t io n  to  th a t  d e s c rib e d  b y  K is s e l.3 T h is  w as  t r ie d  in  th e  
f in a l t r ia l  a n d  b e h a v e d  s a tis fa c to r ily .
4 .5 . P ito t
T w o  designs o f  w a te r -c o o le d  p ro b e  w e re  u s ed . T h e  
f irs t  h a d  a n  o u ts id e  d ia m e te r  o f  l j  in  a n d  a  n o n -s ta n d a rd  
h e a d  (n e c e s s ita te d  b y  l im ite d  access to  th e  s u p e rh e a te r  
c h a m b e r )  a n d  b a sed  o n  a n  IJ m u id e n  d es ig n . T h e  s e c o n d  
h a d  a n  o u ts id e  d ia m e te r  o f  J  in  w i t h  a  B .S . ty p e  h e a d .. 
B o th  p ro b e s  w e re  m a n u fa c tu r e d  b y  L a n d  P y ro m e te rs , th e  
se co n d  v e rs io n  n o w  b e in g  in  r o u t in e  p ro d u c t io n .
P re ssu re  d if fe re n tia ls  w e re  m e a s u re d  u s in g  m ic r o m a n o ­
m e te rs  m a n u fa c tu re d  b y  th e  In f r a  R e d  D e v e lo p m e n t C o . ,  
L t d .  N o  a t te m p t w as  m a d e  to  c o m p e n s a te  fo r  a m b ie n t  
te m p e ra tu re  v a r ia t io n s , th e  in s tru m e n ts  o p e ra tin g  a t  a  
te m p e ra tu re  s u ffic ie n tly  n e a r  th e  m a n u fa c tu r e r ’s c a lib r a ­
t io n  te m p e ra tu re  f o r  c o rre c t io n  to  b e  c o n s id e re d  u n ­
necessary . I n  p ra c tic e , tw o  ran g es  w e re  fo u n d  to  c o v e r  
th e  d if fe r e n t ia l p res su re  v a r ia t io n s  o b ta in e d . T h e s e  w e re  
0  to  0  -1  in  w a te r  g a u g e  a n d  0  to  0 -  5 in  w a te r  g a u g e . T h e  
tw o  in s tru m e n ts  w e re  m o u n te d  o n e  a b o v e  th e  o th e r  us in g  
a  m o d if ie d  N e g r e t t i -Z a m b r a  th re e -w a y  c o c k . (T h e s e  
in s tru m e n ts  a re  n o w  m a n u fa c tu r e d  so th a t  th e  ra n g e  c a n  
b e  c h a n g e d  e le c tr ic a lly .)  T h e  s w itc h in g  as s e m b ly  fo rm e d  
p a r t  o f  a  system  in v o lv in g  tw o  N e g r e t t i -Z a m b r a  th re e -  
w a y  gas co cks  in  series w h ic h  e n a b le d  th e  p i to t  to  b e  
p u rg e d  w it h  c o m p re ssed  a ir ,  w h e n  d if fe re n t ia l p res su re  
re a d in g s  w e re  n o t  b e in g  m a d e , a n d  h e lp  to  a v o id  b lo c k ­
ag e . I n  p ra c tic e , i t  w as  fo u n d  to  b e  d e s ira b le  to  v e n t th e  
system  to  a tm o s p h e re  b e fo re  s w itc h in g  to  th e  m e a s u rin g  
h e ad s . T h is  o b v ia te d  o v e r lo a d in g  th e  m e a s u rin g  in s tru ­
m e n ts  b y  a n y  s lu g  o f  co m p re s s e d  a ir  b u i l t  u p  in  th e  p i t o t  
b y  b lo c k a g e . A  s u p p ly  o f  a ir  a t  5  l b / i n 2 w as  g e n e ra lly  
fo u n d  to  b e  a d e q u a te  to  k e e p  th e  to ta l  a n d  th e  . s ta tic  
p res su re  h o les  fre e . T h is  w a s  p r o v id e d  b y  th e  p ro b e  
serv ice  m a n ifo ld  w ith  a  p re s s u re -re d u c in g  v a lv e  in s e rte d  
b e fo re  th e  p ro b e . O c c a s io n a l p u rg e s  w i t h  a ir  a t  50  lb  / i n 2 
p res su re , a n d  w ith  th e  m a n o m e te r  lea d s  d is c o n n e c te d , 
w e re  s u ffic ie n t to  re m o v e  m o r e  s tu b b o rn  b lo c k a g e s .
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T h e  m ic r o m a n o m e te r  o u tp u t  w a s  re c o rd e d .
A  m a jo r  sn ag  w it h  th e  p i to t  w a s  th a t  in a c c u ra te  
re a d in g s  w e re  o b ta in e d  in  re g io n s  o f  lo w  v e lo c ity  u n d e r  
th e  p u ls a t in g  c o n d it io n s  o f  th e  c o m b u s t io n  c h a m b e r . O n e  
su g g estio n  w as  th a t  to ta l  p res su re  a n d  s ta tic  p res su re  
im p u ls e s  w e re  a r r iv in g  o u t-o f-p h a s e  a t  th e  m e a s u rin g  
h e a d  a n d  th e  id e a  w a s  c ru d e ly  c h e c k e d  a n d  fo u n d  to  b e  
p la u s ib le .^  A  s o lu t io n  w a s  fo u n d  to  th is  p r o b le m  b y  
f i t t in g  v a r ia b le  v o lu m e  re s e rv o irs  to  th e  to ta l  a n d  s ta tic  
p ressu re  c irc u its  to  e q u a liz e  th e ir  res is tan ces . T h e  reser­
v o irs  se rved  a ls o  to  d a m p  th e  f lu c tu a tio n s  in  d if fe r e n t ia l  
p ressu re  re c o rd e d .
A  fu r th e r  p r o b le m  w a s  th e  in flu e n c e  o f  d u s t b u rd e n  
o n  th e  p i to t  re a d in g s . S o m e  e x p e r im e n ta l e v id e n c e  fo r  
th is  e ffe c t is p r o v id e d  b y  w o r k  a t  th e  C . E . R . L . 4 a n d  a  
c o rre c t io n  fa c to r  w as  a t te m p te d , b a s e d  o n  th e  c a lc u la te d  
d u s t b u rd e n .
O f  a l l  th e  m e a s u re m e n ts  a t te m p te d  a t  L i t t le b r o o k ,  
v e lo c ity  w as  p r o b a b ly  th e  le a s t s a tis fa c to ry . T h e  e ffe c t o f  
r e c irc u la t io n  c o u ld  o n ly  b e  in f e r r e d ; a n d  m e a s u re m e n ts  
u s in g  a  p i to m e te r  (d ire c t io n - f in d in g  p i to t )  w o u ld  h a v e  
b e e n  in v a lu a b le .
4 .6 . S o lid - and G as-sam pling P robe
A s  th e  n a m e  suggests, th is  in s tr u m e n t w as  u s ed  fo r  
e x tra c tin g  sam p les  o f  gas a n d  p a r t ia l ly  b u r n t  c o a l so lids  
f r o m  th e  fla m e  a t  in te rv a ls  b o th  a lo n g  th e  le n g th  a n d  
across th e  w id th  o f  th e  c o m b u s t io n  c h a m b e r .
T h e  e v o lu t io n  o f  th e  p ro b e  u s ed  h as  b e e n  a d e q u a te ly  
c o v e re d  e ls ew h ere  b y  o n e  o f  o u r  c o lle a g u e s .5 I t  w i l l  
su ffice  h e re  to  r e ite ra te  th a t  th e  f in a l  d e s ig n  e n a b le d  th re e  
sam p les  to  b e  e x tra c te d  s im u lta n e o u s ly  f r o m  th e  e n v ir o n ­
m e n t o f  th e  c o m b u s t io n  c h a m b e r . T h e  h o t  d u s t- la d e n  
gas w a s  d r a w n  th ro u g h  th e  th re e  in le t  n o zz le s  a n d  r a p id ly  
q u e n c h e d  to  a  te m p e ra tu re  o f  a p p r o x im a te ly  1 5 0 °C ,  
b e fo re  i t  e n te re d  th e  f i l te r  c h a m b e rs . S o lid s  w e re  r e ta in e d  
in  s in te re d  b ro n z e  filte rs  w h ils t  th e  f lu e  gas w a s  d r a w n  
th ro u g h  th e  p ro b e  a n d  c o lle c te d  in  s a m p le  b o ttle s  b e fo re  
an a ly s is .
T h e  d es ig n  h a d  tw o  b ig  a d v a n ta g e s :
(1 )  I t  e n a b le d  th e  to ta l  s a m p lin g  t im e  to  b e  re d u c e d  to  
a p p r o x im a te ly  2 0  p e r  c e n t o f  th a t  re q u ire d  b y  th e  
o r ig in a l (s in g le -p o in t)  p ro b e .
(2 )  I t  e n a b le d  th e  th re e  c irc u its  to  b e  in d e p e n d e n t ly  
w ith d r a w n  f r o m  th e  w a te r -c o o le d  s h e ll a n d  in le t  
n o zz le s , a n d  so a llo w e d  c o m p re s s e d -a ir  p u rg in g  to  
b e  e ffe c te d  w ith o u t  th e  n ecess ity  o f  w ith d r a w in g  
th e  w h o le  p ro b e  f r o m  th e  c h a m b e r .
4.6.1. Solids Sampling
S in te re d  b ro n z e  f i l te rs  w e re  o b ta in e d  f r o m  B o u n d  
B r o o k  B e a rin g s , L im ite d ,  a n d  w e re  d e s ig n ed  to  re ta in  
p a rt ic le s  o f  3 0  to  4 0 p. I n  p ra c tic e , m u c h  s m a lle r  p a rt ic le s  
w e re  re ta in e d , as tr a p p e d  p a rt ic le s  th em selv es  a c te d  as a  
f i l te r in g  m e d iu m . A n  a v e ra g e  s a m p le  o f  f la m e  so lids  
w e ig h e d  a p p r o x im a te ly  0 - 5  g  d e p e n d in g  o n  th e  d e g ree  o f  
c o m b u s t io n  o f  th e  so lid s . T h e  t im e  ta k e n  to  c o lle c t e a c h  
s a m p le  w as  3 0  to  6 0  m in , in c lu d in g  re p e a te d  p u rg in g ,  
d e p e n d in g  u p o n  th e  p o s it io n  in  th e  fla m e . N o  c a rr y -o v e r  
o f  fin es in to  th e  w a te r  t r a p  w a s  d e te c ta b le  a f te r  a b o u t  
5 m in  a n d  th e  a m o u n t  lo s t in  th is  w a y  w a s  c o n s id e re d  
n e g lig ib le . I t  w as  fo u n d  th a t  th e  f ilte rs  c o u ld  b e  used  
re p e a te d ly . A f t e r  th e  b u lk  o f  th e  s a m p le  w a s  re m o v e d , 
b o il in g  w it h  d e te rg e n t s o lu t io n  w o u ld  re m o v e  m o s t o f  th e  
re m a in d e r . A n y  m a te r ia l  le f t  p r o v id e d  n e g lig ib le  c o n ­
ta m in a t io n  o f  s u b s e q u e n t sa m p les  a n d  te n d e d  to  in c re a s e  
f i l te r in g  e ffic ie n c y .
4.6.1.1. Anisokinetic Sampling
C o r re c t  s a m p lin g  o f  so lid s  f r o m  th e  p u lv e r iz e d -c o a l  
fla m e  w a s  o b v io u s ly  im p o r ta n t .  H o w e v e r ,  c o rre c t  
s a m p lin g  is a lw a y s  e x c e e d in g ly  d if f ic u lt  t o  a c h ie v e  i n  
p ra c tic e  a n d , in  th e  c irc u m s ta n c e s  p re v a ilin g , w a s  im ­
p o s s ib le  to  a t ta in . F la m e  c o n d it io n s  a re  in h e r e n t ly  
v a r ia b le  a n d  w it h  th e  a p p a ra tu s  a v a ila b le  i t  w a s  im ­
p o s s ib le  to  m e a s u re  th e  lo c a l d ire c t io n  o f  gas f lo w . T im e ,  
to o , w a s  a  fa c to r  to  b e  c o n s id e re d  a n d  a n  a t te m p t  t o  
s a m p le  a t  a  ra te  a p p ro a c h in g  is o k in e tic  w o u ld  h a v e  
m e a n t  th a t  th e  d u r a t io n  o f  th e  tr ia ls  w o u ld  h a v e  b e e n  
u n a c c e p ta b le  lo n g  a n d  w o u ld  h a v e  de crease d  th e  ch an c es  
o f  k e e p in g  th e  c o m b u s t io n  c o n d it io n s  s te a d y . M o r e o v e r ,  
th e re  is s o m e in d ic a t io n  f r o m  th e  l i te r a tu r e  6 th a t  is o ­
k in e t ic  w ith d r a w a l w i l l  p e r m it  c o rre c t s a m p lin g  o n ly  i f  
th e  s a m p lin g  p ro b e  is o f  a  s u ita b le  fo r m , a n d  n o  in v e s tig a ­
tio n s  w e re  p e r fo r m e d  in  th is  re s p e c t w h e n  o u r  p ro b e s  
w e re  d e s ig n e d .
E x p e r im e n ts  w e re  th u s  d e v is e d  w h o s e  o b je c t w a s  th e  
in v e s t ig a tio n  o f  th e  re la t io n s h ip  b e tw e e n  s a m p lin g  r a te  
a n d  p a r t ic le  s ize a n d  as h  c o n te n t.
T h e s e  e x p e r im e n ts  w e re  s u b s id ia ry  in v e s tig a tio n s  p e r ­
fo rm e d  o n  th re e  occas io n s  a f te r  th e  m a in  p ro b e  w o r k  w a s  
c o m p le te d  ; a n d  in  tw o  tr ia ls  th e  p i t o t  a n d  te m p e ra tu re  
re a d in g s  f r o m  th e  m a in  p ro b e  w o r k  w e re  a s su m ed  t a  
h o ld  f o r  th e  t im e  o f  th e  s a m p lin g  t r i a l ; w h ils t  f o r  th e  I V t h  
c o m b u s t io n  t r ia l  a  p i to t  tra v e rs e  w a s  m a d e  d u r in g  th e  
s a m p lin g  e x p e r im e n ts .
A n  u n m o d if ie d  m u lt ip o in t  a n d  a  s in g le  p o in t  p r o b e  
w e re  u s ed , a  w e t  gas m e te r  b e in g  s u b s titu te d  f o r  th e  
n o r m a l g a s -s a m p lin g  b o t t le  in  th e  gas a n a ly s is  c ir c u it .  I n  
n o  case w a s  th e  s a m p lin g  r a te  lo w e r  th a n  th e  c a lc u ­
la te d  is o k in e tic  v e lo c ity . A s  is o k in e tic  v e lo c itie s  w e r e  
a p p ro a c h e d  gas f lo w  b e c a m e  v e ry  e r ra t ic .
F r o m  th e  l im ite d  d a ta  a v a ila b le  th e  fo l lo w in g  g e n e ra l 
c o n c lu s io n s  w e re  d r a w n :
(1 )  D u s t  b u rd e n  a n d  c h a ra c te r is tic  p a r t ic le  d ia m e te r  
w e re  re la te d  to  s a m p lin g  r a te . W i t h  in c re a s e d  
s a m p lin g  r a te  th e  d u s t b u rd e n  a n d  c h a ra c te r is t ic  
p a r t ic le  d ia m e te r  d e crease d . T h is  is in  a c c o rd  w i t h  
th e o ry .
(2 )  A s h  c o n te n t w a s  in v e rs e ly  p r o p o r t io n a l  to  th e  
c h a ra c te r is tic  p a r t ic le  d ia m e te r , a n d  h e n c e  p a r t ic le  
b u r n o u t  w a s  a ls o  re la te d  to  s a m p lin g  ra te s . T h e  
fo l lo w in g  re s u lt o b ta in e d  a t  p o s it io n  V  le v e l 7  in  
o n e  e x p e r im e n t w as  t y p ic a l : p a r t ic le  b u r n o u t ,  
s a m p lin g  ra te  6 1  / m i n : 8 6  p e r  c e n t ; p a r t ic le  b u r n ­
o u t, is o k in e tic  ra te  ( e x t r a p o la t e d ) : 7 7  p e r  c e n t.
(3 )  T h e  in flu e n c e  o f  th e  n o zz le s  in  th e  m u lt ip o in t  
p ro b e  a p p e a rs  to  b e  n o  g re a te r  th a n  th a t  o f  th e  
s a m p lin g  ra te .
4.6.2. Gas Sampling
O n  th e  gas a n a ly s is  s id e , tests s h o w e d  th a t  a n y  s o lv e n t  
effects  d u e  to  th e  gas b e in g  m a d e  to  c o m e  in to  c o n ta c t  
w it h  c o n d e n s e d  w a te r  v a p o u r  w e re  n e g lig ib le  a n d  th e  
c o m p lic a t io n  o f  a  h e a tin g  c ir c u it  in  th e  p ro b e  w a s  d is ­
p e n s e d  w ith .  O n  le a v in g  th e  p ro b e , th e  gas w a s  m a d e  t o  
pass successive ly  th ro u g h  a  s im p le  w a te r  t r a p ,  a n  e x tra c ­
t io n  p u m p ,*  c o n tr o l v a lv e , m a n o m e te r  f lo w  g a u g e  a n d
* Model MU 19/26 manufactured by Charles Austen, Ltd., 
Byfleet.
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T a ble  2.— Su m m a r y  o f  C o m b u s tio n  M easurem ents
Instrument Quantity measured No. of levels No. of measurements 
at each level
Average time 
taken for 
traverse
Venturi pneumatic pyrometer . Local gas temperature 7 12 15 min
P i t o t ......................................... .......... Dynamic pressure 6 12 20 min
Twin-beam pyrometer . Mean radiation temperature 7 1 30 min
Solid- and gas-sampling probe Gas (analysed for C 0 2, 0 2 and 
CO). Flame solids (subsequently 
analysed for C, H and ash)
7 12, 9 or 7, depend­
ing on position in 
chamber
120 min
in t o  a  glass g a s -s a m p lin g  b o tt le .  T h e  system  w as  s im p le  
a n d  g iv e n  a d e q u a te  m a in te n a n c e  b e tw e e n  t r ia ls , w a s  
re lia b le . B e tw e e n  2  to  6  lit re s  o f  gas w e re  s a m p le d  p e r  m in  
{ a t  N .T . P . ) .  S in c e  b e tw e e n  3 0  to  6 0  m in  w as  re q u ire d  to  
c o lle c t  a  so lid s  s a m p le , a m p le  t im e  w a s  a v a ila b le  to  
p u rg e  th e  s a m p lin g  lin es  a n d  o b ta in  a  re p re s e n ta tiv e  gas  
s a m p le  (w h ic h  w a s  a s s o c ia te d  w it h  th e  s o lid s ). I n  
p ra c tic e , th e  o u t le t  c o c k  o f  th e  g a s -s a m p lin g  b o t t le  w as  
c lo s e d  w h e n  a  s a m p le  w a s  r e q u ire d  a n d  th e  s a m p le  
s u b je c te d  to  th e  fu l l  d is c h a rg e  p res su re  o f  th e  p u m p  
(a p p r o x im a te ly  2 0  in  m e rc u r y ) .  W h e n  c o u p le d  to  th e  
in le t  m a n ifo ld  o f  th e  10 0  m l  b u re tte  o f  a n  O r s a t  gas  
a n a ly s is  a p p a ra tu s , th is  p res su re  w a s  g e n e ra lly  s u ffic ie n t  
t o  e n a b le  th e  O r s a t  to  b e  p u rg e d  a n d  f o r  th e  s a m p le  to  
b e  tra n s fe r re d  f r o m  th e  b o t t le  w ith o u t  th e  ne ces s ity  f o r  
l iq u id  d is p la c e m e n t m e th o d s . T o  g u a rd  a g a in s t th e  
p o s s ib ility  o f  a i r  in le a k a g e  in to  th e  p ro b e -g a s  s a m p lin g  
c ir c u it  o r  O rs a t a p p a ra tu s , i t  w a s  fo u n d  to  b e  necessary  
to  c a r r y  o u t  fre q u e n t  ch ecks  a n d , a t  a n y  o n e  s a m p lin g  
p o s it io n  in  th e  c h a m b e r , to  a n a ly s e  th e  gas a t  le a s t tw ic e .  
F lu e  gas w a s  a n a ly s e d  f o r  c a rb o n  d io x id e  c o n te n t (u s in g  
p o ta s s iu m  h y d r o x id e ) ,  o x y g e n  (a lk a lin e  p y r o g a l lo l) ,  a n d  
c a rb o n  m o n o x id e  (a m m o n ia c a l c u p ro u s  c h lo r id e ) . T h e  
r e ta in in g  f lu id  w as  o n e  re c o m m e n d e d  to  m in im iz e  gas  
s o lu b i l i ty  a n d  c o n ta in e d  2 0  p e r  c e n t b y  w e ig h t o f  s o d iu m  
s u lp h a te  a n d  5 p e r  c e n t b y  v o lu m e  o f  s u lp h u r ic  a c id .7
5. C O N D U C T  O F  T H E  T R IA L S
T h e  m a in  o b je c tiv e s  o f  th e  c o m b u s t io n  tr ia ls  w e r e :
(1 )  T o  in v e s tig a te  th e  g e n e ra l fe a s ib il i ty  o f  h e a tin g  
s te a m  to  a  te m p e ra tu r e  o f  7 6 0 °C .
(2 )  T o  p r o v id e  e x p e r im e n ta l c o n f i r m a t io n  o f  th e  
c o m b u s t io n  th e o r y  a n d  to  a l lo w  c o m p a r is o n s  to  b e  
m a d e  b e tw e e n  p re d ic te d  v a lu e s  a n d  m e a s u re d  ones  
f o r  th e  e x te n t o f  c o m b u s t io n  (p a r t ic le  b u r n o u t ) ,  
gas te m p e ra tu r e  d is t r ib u t io n  a n d  gas c o m p o s it io n  
a lo n g  th e  f la m e  (see T a b le  2 ) .
(3 )  T o  c h e c k  th e  d e s ig n  p e r fo rm a n c e  o f  th e  p la n t .
T h e  tr ia ls  c a n  b e  c o n s id e re d  to  h a v e  ta k e n  p la c e  in  
th r e e  ph ases . P h a s e  I  d e a lt  w i t h  c o m m is s io n in g  a n d  
p r e l im in a r y  t r ia ls ;  P h a s e  I I  w i t h  p r o v in g  th e  p la n t  a n d  
p r o v id in g  d e s ig n  d a ta  a n d  P h a s e  I I I  w i t h  c o n f irm a t io n  o f  
th e  th e o r y .
5 .1 . Phase I
C o m m is s io n in g  a n d  p r e l im in a r y  tr ia ls  la s te d  o v e r  a  
p e r io d  o f  a p p r o x im a te ly  s ix  m o n th s . D u r in g  th is  t im e  
e x p e r ie n c e  w a s  g a in e d :
(1 )  I n  o p e r a t in g  th e  p la n t— g r a d u a l ly  w o r k in g  u p  to  
fu l l  lo a d  c o n d it io n s .
(2 )  T e s t in g  a n d  c a lib r a t in g  c o m p o n e n ts .
M i l l i n g  p e r fo rm a n c e  tr ia ls  s h o w e d  th a t  a t  c o a l fe e d
ra te s  to  th e  b u rn e r  o f  a p p r o x im a te ly  7 0 0  k g / h ,  c o n tr o l o f  
c o a l s ize  c o u ld  b e  a c h ie v e d  b y  a  c o m b in a t io n  o f  c la ss ifie r  
sp eed  a n d  a ir  f lo w  th ro u g h  th e  m il l .  I n  p ra c tic e , h o w e v e r , 
th e  v a r ia t io n  in  th e  la t te r  w h ic h  c o u ld  b e  to le ra te d  b y  th e  
p la n t  as a  w h o le , w a s  l im ite d  a n d  th e  m a x im u m  ra n g e  o f  
c h a ra c te r is t ic  p a r t ic le  d ia m e te r  a c h ie v e d  w as  b e tw e e n  
6 6  a n d  4 0 [j l .
O p p o r tu n ity s w a s  a ls o  ta k e n  to  d e v e lo p  p o r ta b le  c o m ­
b u s tio n  in s tru m e n ts , a  p rocess , in c id e n ta lly ,  w h ic h  c o n ­
t in u e d  th ro u g h o u t  th e  tr ia ls .
5 .2 . Phases I I  and I I I
A n  a t te m p t  w a s  m a d e  to  a c h ie v e  th e  o b je c tiv e s  o f  th ese  
tw o  phases in  a  c o m m o n  series o f  e x p e r im e n ts . C o a l-s iz e  
d is tr ib u t io n  w as  c o n s id e re d  to  b e  a  m a in  v a r ia b le  in  th e  
c o m b u s t io n  th e o r y , a n d  i t  w as  a ls o  d e c id e d  to  m a k e  i t  th e  
c a rd in a l p o in t  in  th e  tr ia ls  th e m s e lv e s . D u r in g  a n y  o n e  
t r ia l ,  a n  a t te m p t  w as  to  b e  m a d e  a t  k e e p in g  th e  fo llo w in g  
fa c to rs  c o n s ta n t :
( i )  C h a ra c te r is t ic  p a r t ic le  d ia m e te r  o f  th e  p u lv e r iz e d  
c o a l (d0).
( i i )  R o s in -R a m m le r  d is t r ib u t io n  e x p o n e n t (n) o f  th e  
p u lv e r iz e d  c o a l.
( i i i )  Excess a ir  fa c to r .  T h is  w as  to  b e  m a in ta in e d  a t  a  
le v e l c o n s is te n t w i t h  th e  absen ce o f  b la c k  s m o k e  
a n d , i f  p o s s ib le , a t  a  v a lu e  c o n s is te n t w it h  c o n ­
v e n t io n a l p ra c tic e  (a t  a b o u t  2 5  p e r  c e n t o r  
*0 =  1 -2 5 ) .
( iv )  R a t io  o f  p r im a r y  a ir  to  to ta l  c o m b u s t io n  a ir  
ty p ic a l o f  c o n v e n t io n a l p ra c tic e  (p r im a r y  a ir  
a b o u t  2 0  p e r  c e n t o f  th e  to ta l) .
(v )  S e c o n d a ry -a ir  te m p e ra tu re , 6 0 0 °  to  7 0 0 °C .
(v i)  C o a l  fe e d  r a te , 7 5 0  to  1 0 0 0  k g / h .  T h e  c o a l, 
o b ta in e d  f r o m  L i t t le b r o o k  P o w e r  S ta t io n , w as  a  
N o r th u m b e r la n d  ty p e  w it h  a  ty p ic a l “  as f ir e d  ”  
a n a ly s is : m o is tu re  1 - 7 4  p e r  c e n t, v o la tile s  
3 3 -9 3  p e r  c e n t, f ix e d  c a rb o n  5 1 -4 9  p e r  c e n t, ash  
1 2 -8 4  p e r  c e n t.
( v i i )  In le t  s te a m  to  b e  a p p r o x im a te ly  4 5 0 ° C  a n d  
2 0 0  l b / i n 2, (2 9  a ta ) ,  b u t  c o n tr o l le d  so th a t  th e  
tu b e  m e ta l te m p e ra tu re s  d id  n o t  exceed  6 0 0 °C .
F o u r  t r ia ls  w e re  to  b e  a t te m p te d , a n d  o f  th ese , th e  tw o  
m o s t p ro m is in g  w e re  to  b e  se lected  a n d  re p e a ts  m a d e .  
A  f in a l t r ia l  w as  to  b e  th e  h ig h - te m p e ra tu re  fe a s ib il i ty  
t r ia l  in  w h ic h  a n  a t te m p t  w as  to  b e  m a d e  to  r u n  th e  p la n t  
a t  th e  m a x im u m  s te a m  te m p e ra tu re , 7 6 0 °C . E x p e r ie n c e  
g a in e d  in  th e  p re v io u s  tr ia ls  w o u ld  g iv e  c o n fid e n c e  a n d  
in d ic a te  c o n d it io n s  n e cessary  to  a c h ie v e  th is  c o n d it io n .
T h e s e  a im s  w e re  s u b s ta n t ia lly  a c h ie v e d  a n d  d u r in g  th e  
p e r io d  1 0 th  O c to b e r , 1 9 6 2 , to  2 5 th  O c to b e r , 1 9 6 2 , fo u r  
t r ia ls  in c lu d in g  tw o  re p e a ts  ( t r ia ls  I  a n d  I I I )  w e re  c o m ­
p le te d  a n d  o n  th e  31 s t O c to b e r , th e  r ig  r a n  fo r  a  p e r io d  o f
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F ig . 3.— Burner orientation.
4  h  w it h  a n  a v e ra g e  o u t le t  s te a m  te m p e ra tu re  o f  7 6 0 ° C  
(m a x im u m  8 1 0 ° C )  a n d  a  m a x im u m  tu b e  m e ta l te m p e ra ­
tu re  o f  8 9 0 °C .
O n e  severe r e s tr ic t io n  to  th e  te s t fa c ilit ie s  a f fo rd e d  b y  
th e  r ig  w as  th e  fa c t  th a t  th e  p ro b e s  c o u ld  o n ly  b e  u s ed  
a lo n g  o n e  d ia m e te r  in  th e  c o m b u s t io n  c h a m b e r , th a t  in  a n  
e a s t-w e s t d ir e c t io n ;  a n d  th is  g a v e  n o  in fo r m a t io n  o n  
c o n d it io n s  e x is tin g  in  th e  n o r th  a n d  s o u th  s e m i-c irc le s . 
A  p a r t ia l  s o lu t io n  w a s  a c h ie v e d  b e fo re  th e  re p e a t t r ia ls  b y  
r o ta t in g  th e  b u rn e r  th ro u g h  9 0 °  so th a t  its  m o u th  la y  
e ith e r  a lo n g  th e  ax is  o f  p r o b in g  o r  a t  9 0 °  to  i t  (see F ig . 3 ) .
5.2.1. Duration
W it h  th e  e x c e p tio n  o f  th e  h ig h - te m p e ra tu r e  t r ia l ,  e a c h  
s e p a ra te  t r ia l  la s te d  a p p r o x im a te ly  2 4  h o u rs  o f  w h ic h  
so m e 2 0  h o u rs  w e re  d e v o te d  to  p r o b e  w o r k .  D u r in g  th is  
p e r io d  c o n d itio n s  h a d , o f  necess ity , to  b e  k e p t  s tead y .
T w o  s e p a ra te  t r ia ls  w e re  h e ld  in  o n e  w o r k in g  w e e k , 
le a v in g  a p p r o x im a te ly  th re e  d a ys  f o r  p la n t  m a in te n a n c e ,  
p r e p a r a t io n  o f  la b o r a to r y  a p p a ra tu s  a n d  so fo r th ,  b e fo re  
th e  n e x t t r ia l  b e g a n . T h is  system  w as  f a r  f r o m  id e a l, as 
s o m e m o n th s  e la p s e d  b e fo re  th e  a n a ly t ic a l w o r k  asso­
c ia te d  w it h  th e  tr ia ls  w a s  c o m p le te d  a n d  th e re  w as  n o  
ch a n c e  o f  re p e a t. T h is  e m p h a s iz e d  th e  n e e d  f o r  firs t-c la ss  
d a ta  lo g g in g  a n d  p ro c e s s in g  fa c ilit ie s , a n d  f o r  c o m p re h e n ­
s ive a n a ly t ic a l s u p p o r t.
5.2.2. Probe Operation
I n  o rd e r  to  c o m p le te  as m u c h  p ro b e  w o r k  as p o s s ib le  
d u r in g  a  n o r m a l w o r k in g  d a y , a n d  to  en su re  th a t  m o v e ­
m e n t  o f  in s tru m e n t te a m s  u p  a n d  d o w n  th e  c h a m b e r
w e re  m a d e  as s m o o th ly  a n d  as e f f ic ie n tly  as p o s s ib le , 
c a re fu l p r o b e  o rg a n iz a t io n  w as  re q u ire d .
5.2.3. Staffing
E a c h  t r ia l  d e m a n d e d  th e  services o f  a p p r o x im a te ly  
2 0  p ro b e  o p e ra to rs , s u p p o r te d  b y  15  p la n t  o p e ra to rs  in  
tw o  s h ifts . T h is  n u m b e r  w a s  g re a tly  in  excess o f  th e  
p e rm a n e n t  s ta f f  a n d  n e ces s ita ted  th e  c o -o p e r a t io n  o f  
c o lle a g u e s  w it h in  th e  o rg a n iz a t io n  to  r e p a ir  th e  d e fi­
c ie n c y . I n  p a r t ic u la r ,  te c h n ic a l s ta f f  tra in e e s  f r o m  b o th  
th e  S o u th e rn  D iv is io n  o f  th e  C .E .G .B .  a n d  L i t t le b r o o k  
G e n e r a t in g  S ta t io n , b o re  th e  b r u n t  o f  th is  w o r k  a n d  tw o  
o f  th e  m e m b e rs  o f  th e  B .C . U . R . A .  w e re  re s p o n s ib le  f o r  
th e  w h o le  o f  th e  v e n tu r i  p y ro m e te r  m e a s u re m e n ts .
6 . C O M B U S T IO N  T H E O R Y
T h e  o r ig in a l a p p ro a c h  p u b lis h e d  in  th e  Journal i n  
1 9 6 4  8 h as  n o w  b e e n  re fin e d  a n d  th e  b a s ic  a s s u m p tio n s  
h a v e  b e e n  m a d e  less s w e ep in g . A n  o u t l in e  o f  th e  c u rre n t  
th e o r y  is p re s e n te d  b e lo w  a n d  p o in ts  o f  d iffe re n c e  w it h  
th e  o r ig in a l c o n c e p t a re  n o te d  in  o r d e r  to  e m p h a s iz e  th e  
re m a in in g  de fic ien c ies  in  th e  c u r r e n t  s ta te  o f  k n o w le d g e  
a n d  to  u n d e r lin e  th e  su gg estions m a d e  in  S e c tio n  8 fo r  
fu r th e r  w o r k .  A  m o re  d e ta ile d  d e s c r ip t io n  is p re s e n te d  
e ls e w h e re .9 T h e  p re d ic te d  cu rv es  p re s e n te d  in  F ig s . 9  to  
19 w e re  d e r iv e d  f r o m  th is  m o d e l u s in g  C .E .G .B .  c o m ­
p u te r  p r o g ra m  M E L 3  /J F C 2 .
6 .1 . P r im a ry  O bjectives o f  the  T h eo ry
T h e s e  w e re  to  p r e d ic t  th e  e x te n t o f  c o m b u s tio n ,  
(p a r t ic le  b u r n o u t ) ,  gas a n d  p a r t ic le  te m p e ra tu re  d is t r ib u ­
t io n ,.  a n d  gas c o m p o s it io n  a lo n g  th e  ax is  o f  a  p u lv e r iz e d -  
c o a l f la m e .
6 .2 . O u tlin e  o f  C u rren t T h e o ry
A b o u t  9 5  p e r  c e n t o f  th e  h e a t  tra n s fe r r e d  f r o m  a  
p u lv e r iz e d -fu e l f la m e  is  b y  r a d ia t io n .  I n  o r d e r  to  c a lc u ­
la te  th e  r a d ia n t  h e a t f lu x  a t  a n y  p o in t  in  th e  f la m e  i t  is  
e s sen tia l to  k n o w  th e  f r a c t io n  o f  c o a l b u r n t  u p  to  t h a t  
p o in t  a n d  th e  lo c a l r a te  o f  b u rn in g . E x p re s s io n s  f o r  b o th  
th ese  q u a n tit ie s  a re  d e r iv e d  b y  c o n s id e r in g  b o th  th e  
c a rb o n  re s id u e  a n d  th e  v o la t i le  c o m p o n e n t  o f  s in g le  
p a rt ic le s , i t  b e in g  a s su m ed  th a t ,  in i t ia l ly ,  th e  c o a l o b e y s  
th e  R o s in -R a m m le r  d is t r ib u t io n  fo r m u la  ( r e fe r  A p p e n d ix  
2 ) .  I n  d e r iv in g  th e  ex p ress io n s , th e  f la m e  is c o n s id e re d  t o  
co n s is t o f  e le m e n ta ry  v o lu m e s  fo r m e d  b y  c h o p p in g  i t  in to  
a  series o f  discs w h o s e  p la n e s  a re  p e rp e n d ic u la r  to  th e  
f la m e  a x is . S u ita b le  s u b -d iv is io n s  o f  t im e  a re  a ls o  ta k e n  
a n d  i t  is assu m ed  th a t  fo r  th e  e le m e n ta ry  in te rv a ls  o f  
t im e  a n d  space , c o m b u s t io n  c o n d it io n s  r e m a in  c o n s ta n t  
a n d  th u s  fo l lo w  a  s tep w ise  d is t r ib u t io n  a lo n g  th e  f la m e .  
L o n g itu d in a l  h e a t  tr a n s fe r  w i t h in  th e  f la m e  is n e g le c te d . 
S o m e  a s s u m p tio n s  c o n c e rn in g  th e  s y s tem  a e ro d y n a m ic s  
a re  m a d e  a n d  a  o n e -d im e n s io n a l f la m e  is c o n s id e re d  
th ro u g h o u t .
6 .3 . D epartu res  fro m  O rig in a l T h e o ry
6.3.1. Description o f the Jet
T h e  a e ro d y n a m ic s  a s s u m p tio n s  h a v e  b e e n  re f in e d  to  
ta k e  in to  a c c o u n t th e  p res en c e  o f  a  je t .  T h e  j e t  is m o d e lle d  
s im p ly  as a  c o n e  s p re a d in g  l in e a r ly  u n t i l  i t  h its  th e  
c h a m b e r  w a l l ,  th e r e a fte r  th e  f lo w  is p a r a l le l  to  th e  s u rfa c e  
o f  th e  w a l l  tu b e s . T h e  je t  a n g le  is ta k e n  to  b e  2 8 ° ,  
c o rre s p o n d in g  to  a  p o in t  o f  im p in g e m e n t w it h  th e  w a l l  
a t  a b o u t  th e  th ir d  p o r t  le v e l. T h e  lo c a t io n  o f  d e p o s its
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f o u n d  o n  th e  c o m b u s t io n  c h a m b e r  w a lls  a t  th e  e n d  o f  
e a c h  t r ia l  te n d e d  to  c o n firm  th ese a s s u m p tio n s .
€ .3 .2 . Recirculated Gas
T h e  p res en c e  o f  re c ir c u la t io n  is a c c o u n te d  fo r ,  a n d  th e  
v o lu m e  o f  re c irc u la te d  p ro d u c ts  is d e s c rib e d  b y  a n  
a r b i t r a r y  s ine  fu n c t io n . B o th  th e  c o m p o s it io n  a n d  th e  
te m p e ra tu r e  o f  th e  re c irc u la te d  gas a re  as su m ed .
€ .3 .3 . Coal Combustion
O r ig in a l ly ,  n o  d is t in c t io n  w a s  m a d e  b e tw e e n  th e  
v o la t i le  c o m p o n e n ts  a n d  th e  c h a r  re s id u e  a n d  th e  c o m ­
b u s tio n  process w as  c o n s id e re d  to  b e  w h o lly  d if fu s io n a lly  
c o n tr o l le d .  T h e  c u rre n t  v e rs io n  tre a ts  th e  tw o  c o m ­
p o n e n ts  s e p a ra te ly  a n d  in c o rp o ra te s  p h y s ic a l a n d  
c h e m ic a l c o n tr o l processes in  th e  c o m b u s t io n  o f  th e  
re s id u e . A s  th e  v o la t i le  is e v o lv e d , i t  is assu m ed  to  b u rn  
in s ta n ta n e o u s ly  in  th e  gas p h a s e . R e s id u e  c o m b u s t io n  
ta k e s  p la c e  o n ly  a f te r  d e v o la t i l iz a t io n  is c o m p le te .
6.3.3.1. Combustion o f the Residue
P h y s ic a l processes a re  c o n s id e re d  to  b e  th o s e  in v o lv in g  
m ass  tr a n s p o r t  o f  th e  re a c ta n t  a n d  re a c t io n  p ro d u c ts  
a c ro ss  a  b o u n d a r y  la y e r  s u rro u n d in g  th e  p a r t ic le  s u r fa c e ; 
w h ile  th e  w h o le  c o m p le x  o f  steps in  th e  s u rfa c e  c h e m is try  
a r e  c o n s id e re d  to  b e  in v o lv e d  in  c h e m ic a l c o n tr o l .  T h e  
o v e r a ll  c h e m ic a l re a c t io n  r a te  c o e ff ic ie n t o f  th e  c a rb o n -  
o x y g e n  re a c t io n  is g iv e n  b y  th e  A r r h e n iu s  e q u a t io n :
kon(,tl) =  x(.di)K^-E/RTA'l> 
w h e re  th e  sh ap e  fa c to r  x  is d e fin e d  as th e  a c tu a l su rfa c e  
a r e a  d iv id e d  b y  th e  su rfa c e  a re a  o f  a  sp h ere  o f  d ia m e te r  
a n d  is s u b je c t to  e x p e r im e n ta l d e te r m in a t io n .
T h e  p h y s ic a l c o n tr o l c o n s ta n t e m p lo y e d  is  o n e  p r o ­
p o s e d  b y  F r a n k -K a m e n e ts k i  a f te r  S o k o ls k y .10
2Don (tj)
P(fi) = f  [ 1 +  0 • 08 .Ret (<?,)]di
k± (di, tj) —
&ch(<4 tj) P(dj, f)
kcB.(di, tj)  +  j3(dj, tj) 
a n d  th e  b u rn in g  ra te  o f  f ix e d  (c h a r )  c a rb o n  h as  b e e n  
d e r iv e d :
m. (dj, tj)-  d  
dt
=  ^ d f  n k j  [dj, tj, T P (dt, t3) \  C o 2fo )  [1  -  7}* (dt, t3) ] x 
T w o  p o in ts  a re  p a r t ic u la r ly  n o te w o r th y :
(a) r j*  (dj, tx) d e n o tin g  th e  e ffic ie n c y  o f  f ix e d  c a rb o n  
c o m b u s t io n  is g iv e n  b y  :
(di, tj)
V *  (di, tj) =  1 -
m„
m *  (di, t0)
(b) a , th e  a t te n u a t io n  e x p o n e n t, a t te m p ts  to  a l lo w  fo r  
th e  c h a n g e  in  e ffe c tiv e  s u rfa c e  as c o m b u s t io n  
p ro c e e d s  a n d  its  v a lu e  w i l l  l ie  b e tw e e n  o n e -th ir d ,  
f o r  d if fu s io n a l c o n tr o l ,  a n d  tw o -th ir d s  f o r  c h e m ic a l 
c o n tr o l .  I t  is  a ls o  a ffe c te d  b y  th e  p res en c e  o f  ash  
a n d  is  s u b je c t to  e x p e r im e n ta l d e te r m in a t io n .
6.3.3.2. Combustion ofVolatiles
T h e  c u r r e n t  th e o r y  c a lc u la te s  th e  gas a n d  p a r t ic le  
te m p e ra tu re s  s e p a ra te ly  a n d  th e  fo l lo w in g  d e s c r ip t io n , 
b a s e d  p a r t ly  o n  re c e n t w o r k  a t  th e  C . E . R . L . , 11 has b e en  
a d o p te d  to  d e s c rib e  th e  c o m b u s t io n  process .
O n  e n te r in g  th e  c o m b u s t io n  c h a m b e r , th e  p a r t ic le
in i t ia l ly  g a in s  h e a t f r o m  its  e n v ir o n m e n t u n t i l  i t  reach es  a  
te m p e ra tu re , 6y, th e  e v o lu t io n  te m p e ra tu re  o f  th e  v o la t i le  
m a tte r .  T h is  is a b o u t  4 0 0 ° C . A t  th is  te m p e ra tu re , th e  
h e a t re c e iv e d  is u s ed  o n ly  to  e v a p o ra te  th e  v o la t i le s , th e  
e v o lv e d  v o la t i le s  b u rn in g  in s ta n ta n e o u s ly  in  th e  gas 
p h a s e  a n d  ra is in g  th e  gas te m p e ra tu re . W h e n  th e  h e a t  
tra n s fe r re d  to  th e  p a r t ic le  is s u ffic ie n t to  h a v e  fu l ly  
e v o lv e d  th e  v o la t i le s , fu r th e r  h e a t ra ises th e  te m p e ra tu re  
o f  th e  p a r t ic le — u n t i l  th e n  th e  p a r t ic le ’s te m p e ra tu re  
re m a in s  c o n s ta n t a t  th e  e v o lu t io n  te m p e ra tu re .
B o th  b e fo re  a n d  a f te r  v o la t i l iz a t io n  (r]v =  0  a n d  1 * 0  
re s p e c tiv e ly ), th e  p a r t ic le  te m p e ra tu re  is d e r iv e d  a s s u m in g  
th e  p a r t ic le  to  b e  in  th e r m a l e q u il ib r iu m  w it h  its  e n v ir o n ­
m e n t , i .e . th e  s u m  o f  its  h e a t re lease  ra te , its  c o n d u c tiv e  
a n d  r a d ia t iv e  h e a t losses is z e ro .
D u r in g  d e v o la t i l iz a t io n , r jv <  1 -0 ,  th e  ra te  o f  e v o lu t io n  
o f  th e  v o la t i le  m a te r ia l  is  c o n s id e re d  to  b e  p r o p o r t io n a l  
to  th e  h e a t f lo w  to  th e  p a r t ic le ,  th e  la te n t  h e a t o f  v o la t i le  
e v a p o ra t io n  b e in g  c a lc u la te d  f r o m  th e  h e a ts  o f  re a c t io n  
o f  th e  c a rb o n  a n d  h y d ro g e n  c o n s titu e n ts  a n d  th e  e x p e r i­
m e n ta lly  d e te rm in e d  c a lo r if ic  v a lu e  o f  th e  p u lv e r iz e d  fu e l.
6.3.4. Gas Composition
T h e  gas c o m p o s it io n  a t  t im e  tj, is c a lc u la te d  f r o m  a  
series o f  m ass b a la n c e  e q u a tio n s  fo r  e a c h  o f  th e  c o n ­
s t itu e n ts  C O s, H 20 ,  N 2 a n d  0 2. A  k n o w le d g e  o f  th e  
o r ig in a l c o a l c o m p o s it io n  a n d  excess a ir  fa c to r  is re q u ire d  
a n d  th e  e x te n t o f  f ix e d  c a rb o n  a n d  v o la t i le  c o m b u s t io n  is 
c a lc u la te d . A t  p re s e n t, th e  c o m p o s it io n  o f  th e  re c irc u ­
la te d  gas m u s t b e  as su m ed . T a k in g  th e  case o f  c a rb o n  
d io x id e  f o r  e x a m p le , th e  fo l lo w in g  e q u a tio n s  h a v e  b e e n  
d e r iv e d :
F c o 2*  — / c o 2 V G* ( t j )
0 - 5 3 9 3  F Co2 (tj) =  0 - 5 3 9 3  V Co *  (t j )
+  C 0*  7)* (t j )  +  C 0* 7)V (tj)
r  ( f \ _ V c 0 ( t 3)
/ c ° 2 f e ) - W
w h e r e :
V g ( t3)  =  F c o 2 ( t3)  +  F h 2o ( t j )  +  V o 2 (t j )  +  F h 2 (t j )
6.3.5. Gas Temperatures
G a s  te m p e ra tu re  is d e r iv e d  b y  c o m p ilin g  a  h e a t b a la n c e  
o f  th e  e le m e n ta ry  v o lu m e  c o rre s p o n d in g  to  t im e  tj, 
c a lc u la t in g  th e  sp ec ific  h e a ts  o f  th e  in d iv id u a l  c o m ­
p o n e n ts  a n d  ta k in g  in to  a c c o u n t th e  h e a t lib e r a te d  b y  
v o la t i le  c o m b u s t io n ;  th e  h e a t in p u t  o f  p r im a r y  a n d  
s e c o n d a ry  a ir  a n d  th e  re c irc u la te d  g a s ; th e  c o n d u c t iv e  
h e a t e x c h a n g e  w it h  th e  p a r t ic le s ;  a n d  th e  losses d u e  
to  r a d ia t io n  b y  th e  w a te r  v a p o u r  a n d  b y  r a d ia t io n  to  
th e  w a l l .
6.3.6. Gas Velocity
I n  m o s t a p p lic a t io n s  o f  c o m b u s t io n  te c h n o lo g y , th e  
in te re s t lies  n o t  so m u c h  in  th e  h is to ry  o f  th e  p a rt ic le s  as 
in  d e te rm in in g  th e  p ro p e r tie s  o f  th e  f la m e  as a  fu n c t io n  
o f  th e  lo c a l gas v e lo c ity  a t  a  p a r t ic u la r  t im e . T h e  v e lo c ity  
is c a lc u la te d  k n o w in g  th e  m ass f lo w  o f  c o m b u s t io n  gas, 
th e  c ro s s -s e c tio n a l a re a  o f  th e  c h a m b e r  a n d  th e  te m p e ra ­
tu re  a n d  pres su re  o f  th e  system .
6.3.7. Flam e Emissivity
T h e r e  a re  c o n s id e re d  to  b e  th re e  fa c to rs  c o n tr ib u t in g  
to  th e  e m is s iv ity  o f  p u lv e r iz e d -fu e l f la m e s :
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( 1 )  T h e  su sp e n d ed  s o lid  p a rt ic le s .
(2 )  T h e  v o la t i le  c o m b u s t io n .
(3 )  W a te r  v a p o u r  a n d  c a rb o n  d io x id e  p re s e n t.
T o  a c c o u n t f o r  th e  s o lid  p a rt ic le s , th e  fo l lo w in g  
e q u a t io n  h as  b e e n  d e r iv e d :
S0 2 6 4  Ps
A p w  (tj) =  1 — exp 0 * 9  D f  (tj)
VG(tj)  Tg (tj) 
j l  +  (Q  +  a0 -  1 ) 7]* (t})  — (1 -  a0) Q rj*2
I t  m a y  b e  n o te d  in  p a r t ic u la r  t h a t :
S0 is th e  sp ec ific  p ro je c te d  a re a  o f  th e  c o a l (m 2/ k g ) ;
Q  expresses th e  d e c re p ita t io n  w h ic h  is a s su m ed  to  o c c u r  
a f te r  p a rt ic le s  a re  c o m p le te ly  b u r n t  o u t , a n d  a t te m p ts  
to  a c c o u n t f o r  th e  r e s u lta n t in c re a s e  in  th e  sp ec ific  
p ro je c te d  s u rfa c e  o f  th e  p a rt ic le s .
T h e  c o n tr ib u t io n  d u e  to  v o la t i le  c o m b u s t io n  h a s  b e e n  
m o d if ie d  f r o m  a n  e m p ir ic a l fo r m u la  o f  S h a c k 12 w h ile  th e  
gas r a d ia t io n  is a c c o u n te d  fo r  b y  a  c o n s ta n t fa c to r .
D u e  to  th e  fa c t  th a t  b o th  gas a n d  p a r t ic le  c lo u d  e x is t 
in  th e  sa m e  space s im u lta n e o u s ly , th e  n e t e m is s iv ity  is 
e x p re s s e d :
Apw  (tj) A gw (tj)C(tj) = 1 -
A pw  (tj) + A gw (t ,)m
p a r t ic l e  o ia m e t e r  
m i c r o n s .
i
5
IO
5 0
A TRIAL I  COMBINED 
a TR IA L D
C . TR IAL m  C O M BIN EO100
5 0 0
IOOO
35*79
WEIGHT PER CENT OVERSIZE
F ig . 4 .— Size distribution o f  pulverized fuel.
T a ble  3.— C o m b u s tio n  D a t a  : L it t l e b r o o k  E x p e r im e n t a l  Su p e r h e a te r
Pulverized-fuel feed kg/h
I a lb
Combined
I II Ilia Illh
Combined
111 IV
707 763 735 773 694 640 667 667
Pulverized-fuel analysis 
Ultimate, per cent
C . . 65-15 64-35 64-75 66-23 68-14 69-69 68-92 68-06
H ......................................... 4-42 4-26 4-34 4-49 4-53 4-61 4-57 4-57
Ash . . . . 16-38 16-56 16-47 13-36 13-21 12-90 13-06 13-97
Moisture . . . . 1-54 1-48 1-51 1-61 M l 1-06 1-09 1-09
Oxygen, etc, . . 12-51 13-35 12-93 14-31 13-01 11-74 12-38 12-32
Volatiles C . 13-14 15-08 . 14-11 14-44 14-64 14-63 14-64 13-97
Fixed C . . . 52-01 49-27 50-64 51-79 53-50 55-06 54-28 54-09
Size
d0 ......................................... 40-00 44-00 42-00 44-00 66-00 64-00 65-00 60-00
n 1-35 1-48 1-42 1-60 1-31 1-35 1-33 1-24
Net c.v. kcal/kg . 6267-50 6141 6204 6305 6619 6743 6681 6681
Ash-flow temperature (oxi­
dizing conditions), °C >  1400 >  1400 >  1400 >  1 400 > 1 4 0 0 >  1400 >  1 400 >  1400
Primary air, Nm3/h 1277 1298 1288 1254 1254 1311 1283 1311
Primary air, temperature, °C . 64 65 65 60 68 66 67 69
Secondary air, Nm3/h  . 5000 5000 5000 5408 5158 4520 4839 5226
Secondary air temperature, °C 610 670 640 616 573 601 587 563
Total air for combustion,
Nm3/h  . . . . 6277 6298 6288 6662 6412 5831 6022 6537
Excess air factor . 1-39 1-30 1-35 1-54 1-24 1-20 1-22 1-30
Average tube metal tempera­ 486, 536, 516, 423, 501, 480, 516, 453, 486,t-499, 500, 450, 493, 475, 472, 495,
ture, °C, positions 1 to 8 . 507, 556, 464, 456, 486, 506, 466, 541, 534, 546, 534, 540, 498, 543, 531, 550,
538, 518, 425, 560, 482, 539, 542, 519, 549, 515, 491, 548, 520, 532, 541, 515,
511, 511 533, 512 522, 512 507, 518 500, N /A 523, 505 511, 505 515, N /A
N /A  =  Not available.
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F i g .  5 .— Carbon dioxide distribution, tr ia l I l ia .
7 . R E S U L T S  F R O M  T H E  T R I A L S  A N D  
D I S C U S S I O N
T a b le  3 d e ta ils  th e  c o a l an a lyses  a n d  m a jo r  c o m b u s t io n  
v a r ia b le s  fo r  e a c h  o f  th e  fo u r  c o m b u s t io n  tr ia ls .
I n  th e  tr ia ls ,  v a r ia t io n  in  th e  c h a ra c te r is tic  p a r t ic le  
d ia m e te r  o f  th e  m il le d  p r o d u c t  w a s  d is a p p o in tin g . L i t t le  
v a r ia t io n  in  a i r  f lo w  th ro u g h  th e  m i l l  c o u ld  b e  to le r a te d  
b y  th e  p la n t  as a  w h o le  a n d  c o n tr o l o f  p a r t ic le  s ize w as  
e ffe c te d  m a in ly  b y  v a ry in g  th e  c la ss ifie r sp eed . T w o  
m a in  v a lu e s  f o r  d0 w e re  o b ta in e d . I n  t r ia ls  I  a n d  I I ,  
c h a ra c te r is t ic  p a r t ic le  d ia m e te r  w a s  a b o u t  4 5 /a ; in  
tr ia ls  I I I  a n d  I V  a b o u t  65 /x  (see F ig . 4 ) .  T h e  “  n ”  
e x p o n e n t o f  th e  R o s in -R a m m le r  d is t r ib u t io n  o f  th e  c o a l 
w a s  b e tw e e n  1 * 2 4  a n d  1 - 6 0  in d ic a t in g  a ' f a i r ly  c lo se  c u t  
a b o u t  th e  c h a ra c te r is tic  d ia m e te r .
I t  w a s  d e c id e d  to  re p e a t t r ia ls  I  a n d  I I I ,  as b e in g  th e  
m o r e  p ro m is in g , a n d  use w a s  m a d e  o f  th e  fa c i l i t y  o f  b e in g  
a b le  to  t u r n  th e  b u rn e r  th r o u g h  9 0 °  to  p r o v id e  in fo r m a ­
t io n  o n  c o n d it io n s  p e rs is tin g  th ro u g h o u t  th e  c h a m b e r .  
T a b le  3 sh o w s , a n d  th e  m e a s u re m e n ts  m a d e  w i t h  th e  
c o m b u s t io n  in s tru m e n ts  c o n f irm , th a t  te s t c o n d it io n s  
w e re  r e a s o n a b ly  r e p ro d u c ib le . C a re  w a s  ta k e n  to  see th a t  
c o n d it io n s  r e m a in e d  s te a d y  d u r in g  a l l  p e r io d s  o f  m e a s u re ­
m e n t .  I t  is  s ig n if ic a n t th a t  th e  tr ia ls  c o n d u c te d  w ith  
n o m in a l ly  id e n t ic a l c o n d it io n s  g a v e  c o n s is te n t re su lts , i .e . 
tr ia ls  I  a a n d  lb  c o m b in e d  g a v e  resu lts  s im ila r  to  t r ia l  I I ; 
t r ia ls  I l i a  a n d  I I I b c o m b in e d  g a v e  resu lts  s im ila r  to  
t r ia l  I V .
O f  th e  c o m b u s t io n  m e a s u re m e n ts  m a d e , gas te m p e ra ­
tu re  w a s  th e  m o s t su cce ss fu l; v e lo c ity  m e a s u re m e n ts  b y  
p i t o t  th e  le a s t. T h e  s o lid -  a n d  g a s -s a m p lin g  p ro b e s  
b e h a v e d  s a tis fa c to r i ly  b u t  th e  resu lts  o b ta in e d  f r o m  th e m  
m u s t b e  t re a te d  w it h  reserve  in  th e  ab sen ce o f  k n o w n  
c o n d it io n s  f o r  c o rre c t  w ith d r a w a l.  T h e  a ir  in p u t  q u a n t i ­
tie s  q u o te d  in  T a b le  3 w e re  o b ta in e d  f r o m  th e  r ig - f lo w  
v e n tu r is .
T h e  d a ta  o b ta in e d  f r o m  th e  c o m b u s t io n  in s tru m e n ts  
e n a b le d  p ro file s  a n d  c o n to u rs  o f  c a rb o n  d io x id e  p e rc e n ­
ta g e , f la m e  te m p e ra tu re , b u rn to u tn e s s  a n d  c h a ra c te r is tic  
p a r t ic le  d ia m e te r  to  b e  d ra w n . A s  a n  e x a m p le , F ig s . 5 to  § 
i l lu s tr a te  c o n to u r  m a p s  d r a w n  f r o m  d a ta  f r o m  t r ia l  I l i a .
A  f a i r ly  c o n s is te n t p ic tu re  e m e rg e d  o f  c o m b u s t io n  
c o n d it io n s  d u r in g  th e  tr ia ls  a n d  w as  s u p p o r te d  b y  
o b s e rv a tio n s  m a d e  d u r in g  th e  t im e  o f  p r o b e  o p e ra t io n  
a n d  f r o m  p la n t  in s p e c tio n s  a f te r  th e  ru n s . T h e  j e t  w as  
d ire c te d  a w a y  f r o m  th e  c e n tre  l in e  o f  th e  c h a m b e r  a n d  
th e  f la m e  im p in g e d  o n  th e  w a l l  a t  a b o u t  th e  th ir d  p o r t  
(2  • 4  m )  le v e l. . T h e  m a x im u m  te m p e ra tu re  o c c u rre d  a t  
a b o u t  th e  f i f th  p o r t  (3  • 7  m )  le v e l w ith  d ep o s its  o f  ash  u p  
to  6  in  th ic k  b e tw e e n  lev e ls  3 a n d  8 (2  • 4  to  5 • 65  m ) .  T h e  
b u ild -u p  o f  ash  o c c u rre d  o n ly  in  o n e  q u a d ra n t ,  a n d  o n  
a n  a re a  o f  th e  w a l l  d ia m e tr ic a lly  o p p o s ite , l i t t le  ash  w as  
fo u n d .
A  m a jo r  z o n e  o f  gas re c ir c u la t io n  o c c u rre d  a t  a b o u t  
p o r t  le v e l 4  to  5 (a b o u t  3 • 5  m ) ,  th e  gas s w e e p in g  u p  th e  
w a lls  in  a  d ire c t io n  c o u n te r  to  th e  m a in  je t  a x is . T h e  
re c ir c u la t io n  z o n e  w as  g e n e ra lly  c h a ra c te r iz e d  b y  a  
h ig h e r  d e g ree  o f  p a r t ic le  c o m b u s t io n , g re a te r  c a rb o n
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F ig . 6.— Temperature distribution, tr ia l I l ia .
HORN, CSABA, AND STREET: COMBUSTION EXPERIMENTS 531
SAMPLING PORT 
LEVELS
2
3
4
5
6
7
8
9
IO
12
1 3
PROBE TRAVERSE POSITION
F ig .  7 .— Burntoutness, tr ia l I l i a .
d io x id e  p e rc e n ta g e , a n d  s m a lle r  p a r t ic le  d ia m e te r  th a n  
w as  fo u n d  a t  c o m p a ra b le  lev e ls  in  th e  m a in  je t .
C o m b u s t io n  w as  s u b s ta n t ia lly  c o m p le te  a b o v e  p o r t  
le v e l 7  (5  • 0  m ) ,  a n d  b e lo w  th e  e ig h th  p o r t  le v e l (5  • 6 5  m )  
th e  ash  la y e r  w as  fa ir ly  u n ifo r m  a n d  a b o u t  \  in  th ic k ,  
a n d  th e  p ro file s  o f  c a rb o n  d io x id e  a n d  te m p e ra tu re  
b e c a m e  f la t te r .
7 .1 . C om parison Between T h eo re tica lly  P redicted  and 
M easu red  V alues
A n  im p o r ta n t  a s s u m p tio n  in  th e  th e o r y  w as  th a t  th e  
f la m e  w a s  o n e -d im e n s io n a l, th a t  is , f la m e  v a r ia b le s  w e re  
o n ly  a  fu n c t io n  o f  d is ta n c e  a lo n g  th e  f la m e  ax is  a n d  th a t  
a t  a n y  o n e  le v e l, r a d ia l  s y m m e try  o b ta in e d . I n  p ra c tic e  
th is  w a s  fa r  f r o m  th e  t r u th ,  a n d  as d e s c rib e d  a b o v e , a  w e ll  
d e fin e d  j e t  w as  seen to  b e  p re s e n t a t  th e  to p  (b u r n e r  e n d )  
o f  th e  c h a m b e r . T o  a l lo w  c o m p a r is o n  b e tw e e n  th e o re t ic a l  
a n d  e x p e r im e n ta l v a lu e s  a  w a y  w as  s o u g h t o f  p re s e n tin g  
a v e ra g e  va lu e s  o f  m e a s u re d  q u a n tit ie s . T h e  m e th o d  
a d o p te d  w a s  to  c a lc u la te  fo r  e a c h  le v e l a  s im p le  a r i th ­
m e tic  m e a n  o f  a l l  th e  v a lu es  in  th e  tra v e rs e . T h e  d is ­
c re p a n c y  b e tw e e n  th e  av era g es  so o b ta in e d  a n d  th o se  
o b ta in e d  b y  u s in g  th e  m o re  te d io u s ly  d e r iv e d  a re a -b ia s e d  
fig u res  w as  n o t  s ig n if ic a n tly  d if fe re n t a t  th e  5 p e r  c e n t 
le v e l. F o r  e x a m p le , a t  p o r t  le v e l 1, t r ia l  I I I ,  th e  te m p e ra ­
tu re  o b ta in e d  b y  a r ith m e tic  a v e ra g in g  o f  resu lts  f r o m  th e  
A  a n d  B  tr ia ls  g a ve  a  f ig u re  o f  1 101 ° C ;  a n d  th a t  u s in g  
a re a -b ia s e d  v a lu e s , 1 0 3 6 °C . I n  t r ia ls  I  a n d  I I I  so m e  
a c c o u n t w a s  ta k e n  o f  th e  e rro rs  a r is in g  f r o m  a s y m m e try  
b y  c o m b in in g  th e  resu lts  o f  th e  A  t r ia l  (b u r n e r  in  o n e
p o s it io n )  w i t h  th e  resu lts  o f  th e  B  t r ia l  (b u r n e r  r o ta te d  
th ro u g h  9 0 ° , see F ig .  3 ).
7 .2 . C arbon  D io x id e
G o o d  a g re e m e n t w as  o b ta in e d  b e tw e e n  th e  m e a s u re d  
a n d  p re d ic te d  v a lu e s  fo r  c a rb o n  d io x id e  d is tr ib u t io n .  
T h e  d is c re p a n c y  b e tw e e n  th e  tw o  w as  g e n e ra lly  less th a n  
1 p e r  c e n t. T h e  c a lc u la te d  v a lu e s  w e re  a lm o s t a lw a y s  
lo w e r  , th a n  th e  m e a s u re d , th e  m a x im u m  v a lu e  o f  th e  
la t te r  b e in g  a r o u n d  th e  4  to  5  m  le v e l, th e r e a fte r  
d e c re a s in g  to  a p p ro a c h  th e  c a lc u la te d  v a lu e s  a t  th e  e n d  
o f  th e  c h a m b e r  (see F ig s . 9 , 12 , 15 , 18 ).
7 .3 . T em peratu re
T h e  m e a s u re d  te m p e ra tu re s  w e re  o b ta in e d  u s in g  th e  
v e n tu r i  p n e u m a t ic  in s tr u m e n t a n d  th e  v a lu e s  q u o te d  a re  
a  fu n c t io n  o f  b o th  gas a n d  p a r t ic le  te m p e ra tu re s . T h e  
c a lc u la te d  v a lu e s  d e scrib e  th e  gas a n d  p a r t ic le  te m p e ra ­
tu re s  s e p a ra te ly  a n d  th e re fo re  s o m e d is c re p a n c y  b e tw e e n  
p re d ic te d  a n d  e x p e r im e n ta l resu lts  m ig h t  b e  e x p e c te d , 
th e  v e n tu r i  p n e u m a t ic  te m p e ra tu re  b e in g  b e tw e e n  th a t  o f  
th e  in d iv id u a l  te m p e ra tu re s  o f  th e  gas a n d  p a rt ic le s . 
H o w e v e r ,  th is  c o n d it io n  h e ld  o n ly  in  th e  in i t ia l  p a r t  o f  
th e  f la m e  in  a  p o s it io n  c o rre s p o n d in g  to  th e  t r o u g h  
b e tw e e n  th e  c a lc u la te d  v o la t i le  a n d  re s id u e  p e a k s . 
T h e r e a f te r ,  th e  m e a s u re d  te m p e ra tu re  is  g re a te r  th a n
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F ig . 9.— Carbon dioxide distribution, tr ia l I.
T. MEASURED
J .  PA
DISTANCE FROM BURNER. METRES.
F ig . 10. Temperature distribution, tr ia l I.
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c a lc u la te d , th e  p e a k  a g a in  b e in g  a t  th e  4  m  le v e l, a n d  th e  
d is c re p a n c y  a t  th is  p o in t  b e tw e e n  th e  m e a s u re d  a n d  
c a lc u la te d  v a lu e s  b e in g  b e tw e e n  2 0 0 °  a n d  3 0 0 ° . I t  m a y  
b e  n o te d , h o w e v e r , th a t  th e  p e a k  te m p e ra tu re s  a re  
a p p r o x im a te ly  o f  th e  sa m e m a g n itu d e  (see F ig s . 10, 13 , 
16 , 1 9 ).
OISTANCE FROM BURNER, METRES.
F ig . 11 — Bumtoutness, tr ia l I.
7 .4 . Bum toutness
T h e  a g re e m e n t b e tw e e n  th e  th e o re t ic a l a n d  c a lc u la te d  
resu lts  c a n  b e  c o n s id e re d  g o o d , th e  m a x im u m  d is ­
c re p a n c y  o c c u rr in g  a t  a b o u t  th e  2 -m  le v e l, th e  c a lc u la te d  
v a lu e  s h o w in g  a  m in im u m  a t  th is  p o in t  a n d  a p p a re n t ly  
c o rre la te d  w ith  th e  a e ro d y n a m ic s  o f  th e  system .
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F ig .  1 2 .— Carbon dioxide distribution, tr ia l I I .
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F i g .  1 3 .— Temperature distribution, tr ia l I I .
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F i g .  14 .— Bumtoutness, tr ia l I I .
D a t a  f o r  t r ia l  I V  w e re  n o t  a v a ila b le  (see F ig s . 11 , 14, 
17 ).
T h e  fa c to rs  in flu e n c in g  th ese  d isc rep a n c ies  a re  d if f ic u lt  
to  segrega te  a n d  a  p r o g ra m m e  o f  re s e a rc h  w h ic h  a im s  a t
re d u c in g  th e  e x te n t o f  d is a g re e m e n t is d e ta ile d  in  S e c tio n
8 . I t  w a s  u n fo r tu n a te  th a t  m e a s u re d  v a lu e s  c o u ld  n o t  b e  
o b ta in e d  a b o v e  th e  1 m  le v e l, f o r  i t  is p re c is e ly  h e re  t h a t  
th e  g re a te s t d is c rep a n c ies  a re  l ik e ly  to  o c c u r .
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F ig .  1 5 .— Carbon dioxide distribution, tr ia l I I I .
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F ig .  1 6 .— Temperature distribution, tr ia l I I I .
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F i g .  17 .— Bumtoutness, tr ia l I I I .
8 . F U T U R E  W O R K  I N D I C A T E D  o n  th e  o th e r  to  m a k e  th e  th e o re t ic a l a s s u m p tio n s  less
■ , ,. , .  . , A xi xi x- ii sw e e p in g  a n d  to  im p r o v e  th e  in p u t  d a ta .
T o  re s o lv e  th e  d is c re p a n c ie s  b e tw e e n  th e  th e o r e t ic a lly
p r e d ic te d  a n d  m e a s u re d  v a lu e s  fu r th e r  in fo r m a t io n  is 8 .1 . T e c h n iq u es  o f  M e a s u re m e n t
o b v io u s ly  r e q u ire d . O n  th e  o n e  h a n d , a n  a p p ro a c h  c a n  P e rh a p s  th e  le a s t s a tis fa c to ry  in s tr u m e n t u s ed  a t
b e  m a d e  to  im p r o v e  th e  te c h n iq u e s  o f  m e a s u re m e n t a n d  L i t t le b r o o k  w a s  th e  p i to t .  M o r e  w o r k  is  n e cessary  o n  th e
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F ig . 18 (Left).— Carbon dioxide 
distribution, tr ia l IV .
in flu e n c e  o f  d u s t b u rd e n  o n  th e  p i t o t  d if fe re n tia ls  o b ­
ta in e d , a n d  th e  in flu e n c e  o f  p i to t  c ir c u it  res is tan ce  o n  th e  
resp o n se  c h a ra c te ris tic s  o f  th e  in s tru m e n t , w h e n  m e a s u re ­
m e n ts  a re  m a d e  in  th e  p u ls a tin g  e n v ir o n m e n t o f  th e  
c o m b u s t io n  c h a m b e r . A  k n o w le d g e  o f  lo c a l v e lo c ity  a n d  
a  m e a n s  o f  in d ic a t in g  lo c a l d ire c t io n  o f  f lo w  is re q u ire d  
fo r  c o rre c t  s a m p lin g . P ro b e  sh ap e  a ls o  h as  a n  im p o r ta n t  
in flu e n c e  o n  th e  s a m p lin g  ra te  i f  c o rre c t w it h d r a w a l is to  
b e  o b ta in e d ;  a n d  c o rre c t w ith d r a w a l m a y  n o t  b e  
s y n o n y m o u s  w it h  is o k in e tic  w ith d r a w a l.  T h e  t im e  fa c to r  
o f  th e  tr ia ls  is im p o r ta n t ,  a n d  th e  n ecess ity  fo r  k e e p in g  
c o n d it io n s  c o n s ta n t w h ile  m e a s u re m e n ts  a re  b e in g  m a d e  
re q u ire s  s a m p lin g  t im e s  to  b e  k e p t  as s h o r t as p o s s ib le  
c o n s is te n t w ith  o b ta in in g  la rg e  e n o u g h  q u a n tit ie s  o f  
so lid s  a n d  gases fo r  a n a ly t ic a l p u rp o s e s . M o r e  s o p h is ti­
c a te d  te c h n iq u e s  c o u ld  a l lo w  s m a lle r  q u a n tit ie s  to  b e  
o b ta in e d  a n d  c o n tin u o u s  a n a ly s is  w o u ld  b e  id e a l.
A  p ro b e  c o m b in in g  th e  fu n c t io n s  o f  p i to t - ,  s o lid -  a n d  
g a s -s a m p le r , a n d  te m p e ra tu r e  m e a s u re m e n t d e v ic e  w o u ld  
re m o v e  d isc rep a n c ies  d u e  to  s a m p lin g  a t  d i f fe re n t t im e  
in te rv a ls  a n d  speed u p  th e  p rocess o f  m e a s u re m e n t.
8 .2 . T h e o ry  an d  Im p ro v e d  D a t a
O n e  o f  th e  b ig g e s t a s s u m p tio n s  in  th e  d e v e lo p m e n t o f  
th e  c o m b u s t io n  th e o r y  w a s  th a t  th e  f la m e  w a s  o n e ­
d im e n s io n a l. T h is  is n o t  t r u e  in  p ra c tic e  a n d  a n  a t te m p t  
s h o u ld  b e  m a d e  to  a c c o u n t fo r  r a d ia l  v a r ia t io n  as w e l l  as 
v a r ia t io n  a lo n g  th e  ax is .
A  fu r th e r  a s s u m p tio n  w as  th e  p a t te r n  o f  th e  re c irc u la ­
t io n  e x is tin g . T h e  re c ir c u la t io n  p a t te rn  a d o p te d  in  th e  
th e o r e t ic a l p r o g ra m m e , in  in f lu e n c in g  lo c a l te m p e ra tu r e  
a n d  o x y g e n  c o n c e n tra t io n , is a  m a jo r  fa c to r  c o n tr ib u t in g  
to  th e  r e a c t io n  r a te  a n d  is  n o t  s u ffic ie n tly  re a lis t ic  a t  
p re s e n t. M o r e  in fo r m a t io n  is r e q u ire d  o n  th e  fo l lo w in g  
aspects o f  th e  system  f lu id  a n d  p a r t ic le  d y n a m ic s :
( i )  W h ic h  a re  th e  je t  p a ra m e te rs  th a t  in f lu e n c e  th e  
p a t te r n  o f  re c ir c u la t io n , th e  r e la t iv e  v e lo c ity  o f  th e  
p a rt ic le s  a n d  th e ir  p a th  p r o b a b i l i ty .
( i i )  W h a t  d e te rm in e s  gas-gas m ix in g  a n d  g a s -p a r t ic le  
m ix in g  in  th e  je t  ?
S tu d ie s  o f  th e  b e h a v io u r  a n d  in te r a c t io n  o f  m u l t i - je t  
system s c o u ld  fo l lo w  f r o m  a n  in i t ia l  s in g le -je t a p p r o a c h .
T h e  v a lu e  o f  a c t iv a t io n  e n e rg y  o f  th e  c o a l c h a r -o x y g e n  
r e a c t io n  is o f  fu n d a m e n ta l im p o r ta n c e  in  a t te m p t in g  t o  
p r e d ic t  b u rn in g  tim e s . H o w e v e r ,  d a ta  p re s e n te d  in  th e  
l i t e r a tu r e  c o n c e rn in g  th e  v a lu e  o f  a c t iv a t io n  e n e rg y  a r e  
n o t  c o n s is te n t, a n d  c o a l c o m p o s it io n  is l ik e ly  to  c h a n g e  as  
c o m b u s t io n  p ro c e e d s . T h e  ash  c o n te n t o f  th e  c o a l, to o ,  
is im p o r ta n t ,  as i t  m a y  n o t  o n ly  h a v e  a n  in h ib i t in g  o r  
p r o m o t in g  e ffe c t o n  th e  c o m b u s t io n  re a c t io n  b u t  a ls o  
c o n tr o l th e  a c c e s s ib ility  o f  th e  c a rb o n  to  o x y g e n  a t ta c k .
In f o r m a t io n  is  r e q u ire d , a ls o , o n  th e  in f lu e n c e  o f  p o r e  
size o f  th e  p a rt ic le s  a n d  ch an g es  in  th e  s ize  d is t r ib u t io n  
w h e n  p a r t ic u la r  c o a ls  a re  b u r n t .  A g g lo m e r a t io n  a n d  
d is in te g ra t io n  m a y  o c c u r  a n d  a ffe c t th e  s u rfa c e  a re a  a v a i l ­
a b le  f o r  r e a c t io n  a n d  decrease  in  d ia m e te r  m a y  n o r m a l ly  
b e  e x p e c te d  to  o c c u r  as th e  n a tu r a l  c o n s e q u e n c e  o f  c a rb o n
F ig . 19 (Right).—Temperature 
distribution, tr ia l IV .
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lo ss . P ro je c te d  s u rfa c e  a re a , to o , is a  fu n d a m e n ta l  
q u a n t i t y  in  th e  p rocess o f  h e a t tra n s fe r  b y  r a d ia t io n .  
T h is  is a s s o c ia te d  w it h  th e  c o n ce p ts  o f  th e  a t te n u a t io n  
a n d  d e c re p ita t io n  fa c to rs  r e fe r re d  to  in  S e c tio n  6 .
C o n f ir m a t io n  is  r e q u ire d  o f  th e  w o r k  o n  th e  r e la t io n  
b e tw e e n  v o la t i le  e v o lu t io n  a n d  s u rfa c e  te m p e ra tu re  a n d  
d a ta  a re  n e e d e d  o n  th e  m e c h a n is m  o f  v o la t i le  c o m b u s t io n . 
F u r t h e r  d a ta  a re  a ls o  r e q u ire d  o n  th e  o p t ic a l p ro p e r t ie s  o f  
f la m e s  a n d  e s p e c ia lly  o f  th e  in d iv id u a l  c o n tr ib u t io n  o f  th e  
s o lid  a n d  gaseous c o n s titu e n ts  to  th e  e m is s iv ity  o f  
p u lv e r iz e d -fu e l fla m e s .
F in a l ly ,  d e p o s it fo r m a t io n  o n  th e  c o m b u s t io n -c h a m b e r  
w a lls  c a n  h a v e  a  p r o fo u n d  e ffe c t o n  c o m b u s t io n  processes, 
a ffe c t in g  as i t  do es h e a t loss f r o m  th e  c h a m b e r , d is t r ib u ­
t io n  o f  gas te m p e ra tu re  a n d  ra te  o f  re a c t io n . M o r e  w o r k  
is  re q u ire d  to  as c rib e  v a lu e s  to  th e  th e r m a l c o n d u c t iv ity  o f  
a s h  d e p o s its  a n d  to  in v e s tig a te  m e a n s  o f  m e a s u rin g  
s u rfa c e  te m p e ra tu re .
9 . C O N C L U S I O N S
A n  a c c o u n t h as  b e e n  g iv e n  o f  a  series o f  c o m b u s t io n  
e x p e r im e n ts  u s in g  th e  L i t t le b r o o k  s u p e rh e a te r. T h e  tr ia ls  
p r o g ra m m e  w as  e x te n s iv e , a n d  w h ile  th e  r ig  w as  n o t  
o r ig in a l ly  d e s ig n ed  as a  c o m b u s t io n  te s t fa c il i ty ,  n o r  w as  
id e a lly  s u ite d  fo r  th e  p u rp o s e , i t  a l lo w e d  a  v a r ie ty  o f  
c o m b u s t io n  m e a s u re m e n ts  to  b e  m a d e . O n e  p a r t ic u la r  
s h o r tc o m in g  w a s  th e  a s y m m e tr ic a l f lo w  p a t te r n  p ro d u c e d  
b y  th e  g e o m e try  o f  th e  c o m b u s t io n  c h a m b e r  a n d  secon­
d a r y -a ir  d u c t.
T h e  fo l lo w in g  o b je c tiv e s  w e re  a c h ie v e d  :
(1 )  S u p e rh e a t in g  o f  s te a m  to  a  m a x im u m  te m p e ra tu re  
o f  8 1 0 °C .
(2 )  C o m p le t io n  o f  fo u r  c o m b u s t io n  tr ia ls  u s in g  c o a l  
p a r t ic le  s ize as th e  m a in  v a r ia b le  a n d  a llo w in g  c o m p a r i­
sons to  b e  m a d e  b e tw e e n  th e o r e t ic a lly  p re d ic te d  a n d  
m e a s u re d  v a lu e s  f o r  c a rb o n  d io x id e  c o n te n t, te m p e ra tu re  
a n d  p a r t ic le  b u r n o u t  in  th e  f la m e .
I n  c o n n e x io n  w it h  th e  tr ia ls  th ese  p o in ts  a re  n o te ­
w o r th y  :
(1 )  T h e  tr ia ls  c o n d u c te d  w it h  n o m in a l ly  id e n t ic a l  
c o n d it io n s  g a v e  c o n s is te n t resu lts .
(2 )  O f  th e  th e o r e t ic a lly  p re d ic te d  v a lu e s , b u m to u tn e s s  
a n d  c a rb o n  d io x id e  c o n te n t a re  m o s t e n c o u ra g in g  
a lth o u g h  th e y  a re  o b v io u s ly  c a p a b le  o f  im p r o v e m e n t  
p a r t ic u la r ly  in  th e  e a r ly  p a r ts  o f  th e  f la m e .
(3 )  D is c re p a n c ie s  b e tw e e n  th e o r y  a n d  p ra c tic e  c a n  be  
p a r t ly  a t t r ib u te d  to  im p e r fe c t io n s  in  m e a s u rin g  te c h ­
n iq u e s . I n  p a r t ic u la r ,  i t  is th o u g h t  th a t  th e  te c h n iq u e s  
o f  v e lo c ity  m e a s u re m e n t u s in g  th e  p i t o t  a re  c a p a b le  o f  
b e in g  im p r o v e d  as a re  lik e w is e  m e a n s  o f  s a m p lin g  u s in g  
th e  s o lid  a n d  gas p ro b e . I n  c o n n e x io n  w it h  th e  la t te r ,  
e x p e r im e n ts  u n d e r  a c tu a l o p e ra t in g  c o n d it io n s  s h o w e d  
th a t  ash  c o n te n t, c h a ra c te r is tic  p a r t ic le  d ia m e te r  a n d  d u s t 
b u r d e n  a re  d e p e n d e n t o n  s a m p lin g  r a te  b u t  i t  is p o in te d  
o u t  th a t  c o n d it io n s  fo r  c o rre c t w i th d r a w a l a re  n o t  neces­
s a r i ly  th o s e  c o rre s p o n d in g  to  is o k in e tic  w ith d r a w a l.
P e rh a p s  o n e  o f  th e  m o r e  im p o r ta n t  b y -p ro d u c ts  o f  th e  
t r ia ls  w a s  th e  im p e tu s  i t  g a v e  to  th e  in v e s t ig a t io n  a n d  
d e v e lo p m e n t o f  m e a s u r in g  te c h n iq u e s .
(4 )  T h e  c o m b u s t io n  th e o r y , to o , is c a p a b le  o f  im p r o v e ­
m e n t .  I t  is suggested  th a t  th e  m a in  re g io n s  o f  u n ­
c e r ta in ty  a r e :
(a) F a c to rs  in f lu e n c in g  r e c ir c u la t io n  p a tte rn s  a n d  
m ix in g .
(b) T h e  o p t ic a l p ro p e r t ie s  o f  p u lv e r iz e d -fu e l fla m e s  
a n d  th e  in flu e n c e  o f  ash  d ep o s its  o n  th e  e ffe c tiv e  
w a l l  te m p e ra tu re .
(c ) M e c h a n is m s  o f  d e v o la t i l iz a t io n  a n d  o f  v o la t i le  a n d  
re s id u e  c o m b u s t io n .
D e p e n d in g  o n  th e  d e g ree  o f  re f in e m e n t d e s ire d , 
in v e s tig a tio n s  a re  r e q u ire d  o n  b o th  a  b e n c h -to p  scale a n d  
u lt im a te ly  o n  a  r ig  scale .
(5 )  W h i le  th e  m a in  o b je c tiv e  o f  th e  th e o ry  is to  p re d ic t  
te m p e ra tu re  d is t r ib u t io n  a n d  ra te  o f  p a r t ic le  c o m b u s t io n  
a lo n g  a  p u lv e r iz e d -fu e l f la m e  a n d  as su ch  has a n  a p p lic a ­
t io n  in  c o n v e n tio n a l b o ile r  te c h n o lo g y , i t  is c a p a b le  o f  
b e in g  u s ed , w i t h  m o d if ic a t io n , to  d e scrib e  o th e r  c o m b u s ­
t io n  processes.
9 . A C K N O W L E D G M E N T S
T h e  a u th o rs  th a n k  th e  C e n tr a l  E le c t r ic ity  G e n e ra t in g  
B o a rd  f o r  p e rm is s io n  to  p u b lis h  th is  p a p e r .
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A P P E N D I X  1 
C o a l S a m p lin g  an d  F u e l A n a ly s is
1. Sampling Pulverized-coal Samples
S a m p le s  w e re  ta k e n  a t  a p p r o x im a te ly  5 -h o u r ly  in te rv a ls  
f r o m  th e  c y c lo n e -o u t le t  p ip e w o r k  le a d in g  to  th e  f la m e  
t r a p  a n d  m ix in g  v e n tu r i .  S a m p lin g  w a s  b y  m ea n s  o f  a  
s p o o n  in tro d u c e d  th ro u g h  a  s a m p lin g  h o le  in  th e  w a l l  o f  
th e  p ip e . A t  th e  s a m p lin g  p o s it io n , n o  gas f lo w  o c c u rre d  
in  th e  p ip e , th e  p u lv e r iz e d  fu e l b e in g  fr e e - fa l l in g  o v e r  th e  
s p o o n . T h e  s a m p lin g  system  w a s  d if f ic u lt  to  c h e c k  
e x p e r im e n ta lly  b u t  c o n s ta n c y  o f  p r o d u c t  size , o v e r  lo n g  
p e rio d s  o f  t im e  a t  c o n s ta n t m i l l  o p e ra t in g  c o n d itio n s ,  
g a ve  s o m e c o n fid e n c e  in  th e  s a m p lin g  m e th o d s .
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T able  4.— Sc hem e  A d o p te d  fo r  t h e  C h e m ic a l  a n d  
P h y s ic a l  E x a m in a t io n  of F l a m e  So lid s
Sample 
(approx. 0-5 g)
Dried at 105° to 110°C in vacuo
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Sieving ( >  53/0-
CHEMICAL
ANALYSIS
Coulter counting- 
«  53/*)
C ' 
H
Aslv
Ultimate analysis
Combustion tube 
~  at 1 350°C
2. Analysis
P u lv e r iz e d -c o a l sam p les  w e re  a n a ly s e d  f o r  to ta l  m o is ­
tu re , v o la t i le  c o n te n t, f ix e d  c a rb o n , ash  a n d  c a lo r if ic  
v a lu e  in  a c c o rd  w it h  B .S . 10 1 6  : P a r t  3 : 1 9 5 7 .
I n  a d d it io n , th e  c o a l sa m p les  to g e th e r  w i t h  th e  f la m e  
so lid s  w e re  a n a ly s e d  fo r  c a rb o n , h y d ro g e n  a n d  ash  
c o n te n t u s in g  a  m o d if ie d  f o r m 13 o f  a n a ly t ic a l p ro c e d u re  
d e ta ile d  in  B .S . 1 0 1 6  : P a r t  6  : 19 58  (see T a b le  4 ) .
E x p e r im e n ta l v e r if ic a t io n  o f  th e  c o m b u s t io n  th e o r y  
re q u ire d  a  k n o w le d g e  o f  th e  v o la t i le  c o n te n t a n d  o f  th e  
f ix e d  c a rb o n  c o n te n t o f  th e  f la m e  so lid s  c o lle c te d  w it h  th e  
s o lid -  a n d  g a s -s a m p lin g  p ro b e s , th e  a v e ra g e  q u a n t i ty  o f  
so lid s  a v a ila b le  fo r  a n a lys is  b e in g  a b o u t  0 - 5  g , a n d  th e  
n u m b e r  o f  f la m e  so lid s  f r o m  e a c h  t r ia l  b e in g  a p p r o x i­
m a te ly  6 0 .
P r e l im in a r y  e x p e r im e n ts  s h o w e d  th a t  th e  B r i t is h  
S ta n d a rd  m e th o d  o f  an a lys is  f o r  v o la t i le  c o n te n t (B .S .  
10 1 6  : P a r t  3 : 1 9 5 7 ) fo l lo w e d  b y  a n a lys is  f o r  c a rb o n  o n  
th e  d e v o la t il iz e d  re s id u e  b y  th e  S tro h le in  te c h n iq u e  g a ve  
a c c e p ta b le  a c c u ra c y  a n d  w a s  c a p a b le  o f  r a p id  resu lts  
w h e n  th e  gross s a m p le  w as  g re a te r  th a n  0 * 5  g , b u t  a t  
s a m p le  w e ig h ts  s m a lle r  th a n  th is  th e  e rro rs  in c re a s e d  to  
a n  u n a c c e p ta b ly  h ig h  v a lu e .
I n  ex p ress in g  th e  resu lts  o f  th e  c o a l a n a ly s is , a l l  th e  
h y d ro g e n  is as su m ed  to  b e  v o la t i le  h y d r o g e n ;  a n d  
v o la t i le  c a rb o n  is  d e d u c e d  f r o m  a  k n o w le d g e  o f  f ix e d  
c a rb o n  o f  th e  o r ig in a l c o a l, o b ta in e d  b y  p r o x im a te  
an a ly s is , a n d  a  k n o w le d g e  o f  th e  to ta l  c a rb o n  o b ta in e d  b y  
u lt im a te  an a ly s is . D u r in g  c o m b u s t io n , th e  a m o u n t o f  
h y d ro g e n  p re s e n t in  th e  f la m e  so lid s  d e fin es  th e  to ta l  
v o la t i le  c o n te n t o f  th e  so lid s , i t  b e in g  a s su m ed  f o r  th e  
p u rp o s es  o f  th e  th e o r y  th a t  th e  sam e v o la t i le  c a rb o n :  
h y d ro g e n  r a t io  h o ld s  th ro u g h o u t  th e  w h o le  o f  th e  
d e v o la t i l iz a t io n  p rocess as i t  d id  in  th e  p u lv e r iz e d  c o a l.
A P P E N D I X  2  
P a r t ic le  S iz e  A n a ly s is
D u r in g  th e  t r ia ls , em p h a s is  w as  p u t  o n  p a r t ic le  s ize  
a n a ly s is : th e  size o f  th e  p u lv e r iz e d  fu e l w as  c o n s id e re d  
to  b e  a  p r im e  v a r ia b le  in  th e  c o m b u s t io n  th e o r y  a n d  th e  
m a in  fa c to r  o n  w h ic h  th e  e x p e r im e n ta l p r o g ra m m e  w as  
b a sed . I n  a d d it io n  to  th e  size o f  th e  p u lv e r iz e d  fu e l,
a t te m p ts  w e re  m a d e  to  m e a s u re  th e  size o f  th e  f la m e  so lid s  
b e a r in g  in  m in d  th e  l im ita t io n s  im p o s e d  b y  a n is o k in e tic  
s a m p lin g . I t  w as  fe l t  th a t  th is  in fo r m a t io n  c o u ld  b e  
u s e fu l in  m o r e  s o p h is tic a te d  ve rs io n s  o f  th e  c o m b u s t io n  
th e o r y , a lth o u g h  so fa r  its  a p p lic a t io n  h a s  b e e n  l im ite d .  
T h e  p ro b le m s  p o s e d  in  s ize a n a ly s is  w e re  t h r e e - fo ld :
(1 )  S a m p le  re d u c tio n . P u lv e r iz e d - fu e l sa m p les  o f  
s e v e ra l h u n d re d s  o f  g ra m s  o n  th e  o n e  h a n d ; fla m e , 
so lid s  o f  fra c t io n s  o f  a  g r a m  o n  th e  o th e r , b o th  to  
b e  re d u c e d  to  re p re s e n ta tiv e  sam p les .
(2 )  N u m b e rs  o f  sa m p les . A b o u t  5 0 0  sam p les  w e re  
size a n a ly s e d  d u r in g  th e  c o m b u s t io n  tr ia ls .
(3 )  S ize  ra n g e . S ize  ra n g e  b e tw e e n  a b o u t  2  a n d  2 5 0 fi.
T h e  te c h n iq u e  f in a l ly  a d o p te d  w a s  a  c o m b in a t io n  o f  
s ie v in g  a n d  C o u lte r -c o u n t in g  o n  th e  re d u c e d  s a m p le . 
T h e  R o s in -R a m m le r  d is t r ib u t io n  la w  w a s  a s su m ed  to  
h o ld  f o r  a l l  s a m p le s :
I - R  =  1 —  e —
w h e re  I  — R =  f r a c t io n  b y  w e ig h t  o f  p o w d e r  p a s s in g
th ro u g h  a  s ieve w it h  a p e r tu re  d  /x .
~  a n d  n a re  d is t r ib u t io n  c o n s ta n ts .
d0
Sample reduction
T h e  m e th o d  a d o p te d  w as  to  re d u c e  th e  b u lk  s a m p le  o f  
p u lv e r iz e d  fu e l to  a b o u t  10  g  b y  a  series o f  “  c o n in g -a n d -  
q u a r te r in g s .”  T h e  p r o d u c t  w a s  th e n  s ie ved , a n d  th e  
s a m p le  w h ic h  passed th ro u g h  th e  3 0 0  m e s h , 8 - in  d ia m e te r  
sieve (5 3 /f ) ,  w as  fu r t h e r  re d u c e d  to  a  w e ig h t  o f  a b o u t  
0  -1  g  u s in g  a  s im p le  tu r n ta b le  s u b -d iv id e r .
I n  th e  case o f  th e  f la m e  s o lid s , th e  s a m p le  w e ig h t  w a s  
m u c h  s m a lle r . T h e  sieve d ia m e te r  w as  re d u c e d  to  3 in  
a n d  th e  p r e l im in a r y  s ize re d u c t io n  s tage  w a s  o m it te d . I n  
o th e r  resp ects  th e  p ro c e d u re  w a s  id e n t ic a l (see T a b le  4 ) .
Sieving
S ieve  sizes u s e d  w e re  7 2  m e s h  (2 1 1  /x ), 1 0 0  m e s h  
(1 5 2 /x ), 17 0  m e s h  (8 9 /x) a n d  3 0 0  m e s h  (5 3 p), a n d  e a c h  
s a m p le  w a s  s ie ved  f o r  a  p e r io d  o f  2 5  m in  u s in g  a n  a u to ­
m a t ic  s ieve s h a k e r.
Coulter Counter
P a rtic le s  p a ss in g  th ro u g h  th e  53-/*. s ieve w e re  fu r t h e r  
s u b -d iv id e d  a n d  th e n  a n a ly s e d  u s in g  th e  C o u lte r  e le c ­
tr o n ic  c o u n te r . T h e  m e th o d  w as  b a s e d  o n  a  te c h n iq u e  
d e v e lo p e d  a t  th e  C . E . R . L . 14
T h e  r a w  d a ta  f r o m  th e  d e te rm in a t io n s  w a s  p r o g ra m m e d  
f o r  th e  c o m p u te r  a n d  th e  resu lts  p lo t te d  o n  R o s in -  
R a m m le r -B e n n e t t  p a p e r . T h e  size d is t r ib u t io n  in d ic a te d  
b y  th e  C o u lte r  c o u n t  w as  c o rre c te d  b y  a  p r o p o r t io n a l i t y  
fa c to r  to  express th e  resu lts  re la te d  to  th e  to t a l  s a m p le  
e x a m in e d . T h e  s ie v in g  d is t r ib u t io n  a n d  C o u lte r  d is t r ib u ­
t io n  w e re  th e n  “  m a te d  ”  b y  a  s t ra ig h t l in e , th e  R o s in -  
R a m m le r  r e la t io n s h ip  b e in g  a s su m ed  to  h o ld .
W h i le  i t  w a s  g e n e ra lly  p o s s ib le  to  d e s c rib e  th e  s ize  
d is t r ib u t io n  o f  th e  p u lv e r iz e d  fu e l b y  th is  m e th o d , th e  
a b il i ty  to  d o  so w it h  th e  f la m e  so lid s  v a r ie d  w i t h  th e  
s a m p le .
(Paper received 24th M ay, 1 9 6 6 .)
